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Preface 


The technology of making time-domain electromagnetic measurements continues 
to evolve as better sources, sensors, and instrumentation become availab e. 
Progressing from the radars of the 1940s with bandwidths of a few percent; to 
early TDR and EMP test systems of the 1960s with bandwidths of 2:1, or so, 
to the short-pulse hardware used today with bandwidths that can exceed 10.1— 
throughout all this development, there has occurred a steady improvement in 
time-domain technology. This improvement has accompanied an increasing va¬ 
riety of applications that benefit from or require wide-bandwidth systems. These 
include radar-target identification from short-pulse signatures, lightning and EMP 
analysis and protection, inverse and nondestructive evaluation, radiation and 
interference in high-speed digital systems, and various measurement applications 
ranging from basic studies to meeting routine data needs. 

Although the technical literature exhibits a growing attention to time-domain 
technology, there does not yet exist a dedicated reference source that provides 
a comprehensive overview of the area. Were this source to be developed, it 
could contribute significantly to accelerating the development and exploitation 
of this important technology. The primary purpose of this book is to provide 
such a source by collecting together in one place an overview of the state-of- 
the-art in EM time-domain measurements. It is intended as a resource for those 
working in the area and as an introductory reference for the larger community 
of potential users. We are especially interested in seeing time-domain techniques, 
both experimental and computational, become more widely taught at the college 
level than is now the case. Thus, we stress the physical insight such techniques 
provide, as well as the relatively small expense of setting up a basic time-domain 
laboratory. 

The specific idea for this book came about from my being invited to organize 
a special session of Commission A (Metrology) of the International Scientific 
Radio Union (URSI) at the 1982 United States National Meeting in Boulder 
CO. The invitation was extended by Dr. Helmut Hellwig, then Commission A 
chairman, who felt that holding topical special sessions of the Commission 
dealing with various topics in measurement technology could contribute to the 
Commission’s focus on metrology. Since my interest in computational and ex¬ 
perimental time-domain electromagnetics extends back to the late 60s I readily 
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Special sessions at professional-society meetings are typically organized in 
one of two general ways, or some combination thereof Perhaps the more com¬ 
mon, simpler approach is to announce in the meeting’s call for papers that certain 
topics will receive special attention, with the sessions then organized to accord 
with the papers submitted As the other alternative, a specific outline is developed 
and presentations are identified so that some desired theme can be developed or 
a set of viewpoints presented The latter approach was used for the Commission 
A session organized for the 1982 meeting, whose final title was Time-Domain 
Measurements" 

After discussion of these matters with various colleagues at Lawrence Liv¬ 
ermore National Laboratory (H C Cabayan, K F Casey, R J Lytle, and A 
J Poggio), it was concluded that the overall topic of the special session could 
best be treated by subdividing it into the four basic areas of (1) background, 
benefits, and opportunities, (2) measurement technology, (3) applications, and 
(4) signal processing These subjects form the mam sections of this book, with 
the addition of an appendix dealing with design considerations and the hardware 
selection involved in setting up a time domain range 

Although the session was developed for the sole purpose of providing a review 
of electromagnetics time-domain technology at the URSI meeting, response to 
the presentations was so positive that a book organized along similar lines seemed 
worthwhile considering Consequently, 1 prepared a prospectus and outline, 
which Van Nostrand soon agreed to publish as an edited book, the results of 
which appear here 

The first section on background, benefits, and opportunities contains three 
chapters, which address, in turn, (1) historical development and motivations, 
(2) current status and future directions, and (3) instructional opportunities offered 
by time-domain measurements in electromagnetics Chapter I by Dr G F Ross, 
one of the pioneers of time-domain electromagnetics, sets the tone for the rest 
of the hook ft does this by establishing the rationale for looking at EM phe¬ 
nomena in the time domain from the viewpoints of physical insight and efficiency 
of characterization Dr Ross demonstrates how representing equivalent infor¬ 
mation in the time domain differs from its frequency-domain counterpart and 
illustrates the benefits of time-domain analysis through the use of numerous 
examples In Chap 2 by Dr N S Nahman, another long-time contributor to 
time-domain technology, the present status and future directions of time-domain 
measurements are reviewed He summarizes information collected from numer¬ 
ous sources in text descriptions and tables and provides an extensive bibliography 
This section concludes with a discussion of the instructional opportunities af¬ 
forded by time-domain measurements by Dr S M Riad in Chap 3 Professor 
Riad describes three approaches that might be used to obtain transient information 
for linear problems and illustrates their attributes for the specific problem of 
deriving the impulse response of an RC network 
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The second section on measurement technology describes the basic hardware 
needed to implement a time-domain range and contains four chapters a ea 
with (4) fast pulsers, (5) sensors and radiators, (6) instrumentation, an ( ) 
validation and calibration of a representative time-domain range. Dr. J. R. An¬ 
drews surveys subnanosecond, fast-pulse generators in Chap. 4, ranging from 
the low-energy extreme of milli-Joule transistorized pulsers to the high-energy 
extreme of mega-Joule linear accelerators. Dr. Andrews provides a figure o 
merit for comparing pulsers in terms of the time-rate-of-change of the output 
voltage, with values, in V/nsec, ranging from ~1 for transistor pulse generators 
to several thousand for spark gaps and linear accelerators. In Chap. 5, Dr. M. 
Kanda covers the kinds of radiators and sensors that are needed to produce and 
measure impulsive fields. Dr. Kanda provides both mathematical and physical 
explanations for how impulsively excited antennas behave when used as trans¬ 
mitters or receivers and presents extensive results from analysis and measure¬ 
ment. The instrumentation required to complete the measurement system is 
discussed in Chap. 6 by Dr. G. D. Sower and Mr. J. R. Pressley. They describe 
the various kinds of hardware that might be used for this purpose, ranging from 
film-based recording systems to electronic transient digitizers. To conclude the 
section on measurement technology, Drs. R. M. Bevensee and E. K. Miller 
demonstrate how all of the various components are brought together in developing 
a working time-domain range. In particular, they describe the Electromagnetic 
Transient Facility at Lawrence Livermore National Laboratory, the procedures 
employed for its calibration and validation, and various applications for which 
it has been used. 

In the third section are a variety of examples of time-domain applications in 
electromagnetics. The four chapters included here deal with (8) EMP measure¬ 
ment techniques, (9) applications of a subsurface, transient radar, (10) the time- 
domain measurement of components and materials, and (11) the measurement 
of lightning waveforms. Drs. J. P. Castillo and L. Marin present an introduction 
to making EMP measurements in Chap. 8. They discuss the simulators (radia¬ 
tors), instrumentation, and data-acquisition and processing systems employed in 
EMP applications; they also explain how EMP simulation needs provided the 
impetus for much of the development that has occurred in short-pulse technology 
m electromagnetics. The intriguing area of near subsurface exploration using a 
transient radar is covered in Chap. 9 by Drs. J. D. Young and L. Peters They 
consider requirements unique to this kind of application, including pulse prop¬ 
agation ,n a lossy, dispersive medium that typifies most real grounds and comment 
on e data-processing needs for this particular application. In Chap. 10, the use 
o time-domam measurement techniques to characterize both components and 

and TV? eXP ? b> ' Dr ' H ' M ' Cronson - He demonstrates the advantages 
and limitations of using short-pulse data to obtain wide-band information^ 

losed systems. The concluding applications discussion in Chapter 11 by Drs 
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E F Vance and J Nanovitz covers the real world problem of measuring light 
mng induced phenomena They examine the almost unique requirements of mea 
surmg lightning waveforms and present current capabilities and representative 
results in this particular area 

The text proper concludes with two chapters on some signal processing issues 
The general problem of processing transient signals is discussed in Chap 12 by 
Dm j V Candy, D B Hams, and D M Goodman, who provide an overview 
of the techniques presently being used The closely related, but more specialized, 
topic of electromagnetic parameter estimation from transient waveforms is treated 
in Chap 13 by Drs D G Dudley and D M Goodman The message conveyed 
by both chapters is that for fuller realization of the benefits of time domain 
measurements it is mandatory to give appropriate attention to processing the 
waveforms involved Failure to do so may result m available information not 
being extracted from the data, or, even worse, incorrect answers being obtained 
Closing out the book, an appendix by Dr J A Landt summarizes the issues 
involved m selecting hardware and designing a time domain range This dis¬ 
cussion reviews the various tradeoffs and design choices to be kept in mind in 
the design process Dr Landt includes performance specifications and price 
information and provides a nominal design for a time domain range 
Other features of the book include comprehensive references at the end of 
every chapter (more than 400 entries in all), which provide an excellent resource 
base for more detailed information about the subjects treated Finally, a keyword 
and abbreviation list should help the reader decipher the specialized and some¬ 
times cryptic terminology employed in the text for the sake of conciseness 
f would like to acknowledge the cooperation of the chapter authors cited here 
for their hard work and persistence m seeing this project through to its conclusion 
It has been a pleasure to work with them I also want to express my appreciation 
to Rose O Bnen and Jan Grimm of LLNL, who provided expert and enthusiastic 
secretariat help during the course of this endeavor Finally, the contributions of 
Barbara Soholowski, also of LLNL, were above and beyond the call of duty in 
her dedicated typing of the enure manuscript 


Edmund K Miller 
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TIME-DOMAIN MEASUREMENTS 
IN ELECTROMAGNETICS 



1 

Early Developments and Motivations 
for Time-Domain Analysis and 
Application 

Gerald F. Ross, Ph.D 

Anro Engineering Consultants, Inc. 


1.0 INTRODUCTION 

Although the use of the time domain for analysis and synthesis became prominent 
with the corresponding advances in the development of short pulse hardware 
and instrumentation, one may ask what the motivation is for using the time 
domain or, for that matter, any other domain for the analysis and synthesis of 
lumped and distributed networks. In classical analysis, we know that a linear, 
time-invariant system can be described uniquely by its impulse response, h(t). 
And, from the impulse response, we can find the amplitude spectrum, A((o), 
and the phase function, <j>(u)), by a Fourier transformation as follows: 

F 

F(<o) = h(t) (1-1) 

But we may also describe a network in the complex domain, p = a + jto, by 
a Laplace transform, or in the domain, Z = e +pT - where poles and zeros in the 
complex plane fall within the unit circle (T is a sampling constant). Other 
representations, of course, are also possible and useful. 

As engineers, we seek simply the domain that presents a mathematical solution 
most compactly: a domain where the response of a network in time, or its real 
or complex spectrum, can readily be defined. The use of such a domain, almost 
as a by-product, provides insight for system behavior. 

As an example, consider a high Q series or parallel resonant circuit. The 
duration of the impulse response of such a circuit may exist over most of the 
time domain, but in the frequency domain, it is well contained over a narrow 
bandwidth. The time domain would be the wrong domain in which to describe 
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the behavior of the network or to measure its properties, the network can be 
readily described, however, in the frequency domain 

In a stable, sample data system where a closed-form solution for the system 
function exists, the Laplace transform consists of an infinitely denumerable 
number of poles and zeros that are periodic in the left hand plane By describing 
the system in the 2 - e +pT plane, the periodic poles and zeros all coalesce and 
map as a finite number of points within the unit circle 1 Clearly, the complex Z 
plane provides the most convenient domain to represent the properties of the 
networks 

In certain very wideband networks (for example, a length of TEM mode line), 
the time-domain representation is the obvious choice The impulse response is 
simply a delayed impulse We cannot generate or realize a perfect impulse, but 
we can generate a short pulse, one whose duration is much shorter than the 
duration of the impulse response Recent advances in pulse technology using 
tunnel diodes permit the generation of pulses as short as 20 picoseconds for 
diagnostic purposes, and recent developments in sampling oscilloscope tech¬ 
nology permit one to display these pulses 2 The capability of generating and 
displaying pulses of such short duration leads to many interesting system ap¬ 
plications, as will be described in later sections of this chapter 

In Sec 1 1, direct time-domain techniques, both theoretical and experimental, 
are described In Sec I 2, these techniques are applied to the analysis of mi¬ 
crowave networks, antennas, target scattering, and material diagnostics Some 
system applications that developed directly from the analytical tools are described 
in Sec I 3, and a brief summary is presented m Sec I 4 


1.1 ANALYSIS IN THE TIME DOMAIN 


Theoretical Formulation 


As indicated in the introduction, when the response of a network or system is 
well contained in the time domain (i e , time-limited), analysis in the time domain 
is most appropnate 

The convolution integral is used m linear systems analysis to find the response, 
r(f), of a system to an excitation,/(r), knowing its impulse response, h{t) The 
most general form of the convolution integral is given by the following 3 


f(,) = XI ~ x)dx 


0 - 2 ) 


d ? Ummy Vanable Here - (hc u Pl*r and lower limits on the integral 
t are +* and respectively Often, however, neither the function h(x) nor 
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/(a) exists over the entire space, < a < and it is appropriate to modify 
the limits on Eq. 1-2. The choice of the integration interval (i.e., the choice of 
upper and lower limits) often is not obvious. In the paragraphs that follow, the 
limits on the integral will be given for the most functions h(t) and /(?). The 
method involves the novel use of the step function. 4 

The Step function method. Assume it is required to convolve the two 
functions, h{t) and f(t), shown in Fig. 1-1, where h(t) exists for all positive 
time, t (abbreviated V, + ), and f{l) exists for negative time, V,_, but is time 
limited for t positive (abbreviated tl,+). The existence of these signals in the 
time domain can be conveniently described by the use of step functions. For 
example, the functions h(t) and f(t) shown in Fig. 1-1 may be described as 


HO = 0 

t < 0 

(l-3a) 

HO 

t > 0 


m = o 

t > T 

(1 -3b) 

m 

-00 < t <T 



or more compactly as 

h = h(t ) x 17(0 

/ = f{t) X U(T - t) < M ) 

where 


U(t) = 0, t < 0 
U(t) = 1, t > 0 
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To find fi(t) * f(t), or the convolution of h(t ) with/(r). one substitutes Eq 
1-4 into Eq 1-2 and obtains 

r{t) = r [h(x)U(x)]\f(t - x) • V(x + T - t))dx 

J-<* (1-5) 

= f +K h(x)f{t - • 2 U(x + T- t)dx 

where x and (t - a:) have been substituted for t in the expressions for k{t) and 
/(t), respectively 

Tlie bracketed term in the integrand of Eq 1-5 can be used to determine the 
specific limits on the integral This term is shown m Fig 1-2 When the constant, 
t - T, is greater than zero (i e , with respect to the variable of integration x), 
the value of the integrand (determined by the product of the two displaced step 
functions) is zero Vx < t ~ T, as shown m Fig 1-2 



Fig 1-2 The product ot step functions 
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When t - T < 0, the product of the two displaced step functions is zero 
V.t < 0, as shown in Figs. l-2(c) and 1 -2(d). Thus, 


r(t — j h(x)f(t — x)dx for t — T < 0, or V, < T (1-6) 

r(f) = f h( x )f( l ~ x)dx for t — T > 0, or V, > T (1-7) 
Jt - T 


The integration indicated by Eq. 1-5 is with respect to the dummy variable 
.t, and t and T are simply constants, as illustrated in Fig. 1-2. The limits on the 
integral are determined by assuming, alternately, that the constant is greater than 
or less than zero and then solving the inequality for t. The solution of t determines 
the region over which the answer, r(t), is valid. A chart showing various com¬ 
binations of possible functions, h{t) and f{t), is given in Fig. 1-3. The limits 
on the convolution integral of these combinations is presented in Table 1-1. In 
Fig. 1-3, some functions that are tl were selected, for convenience, to originate 
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Table 1-1. Summary Table for Convolution Operations. 


CASE NO 

I < 0 

h(ft 

t < 0 

fin 

t <0 

;<o 

RESPONSE, r{/) 

1 

0 

v,+ 

0 

Vi+ 

1 

KO = J h(t - ; > 0 r(i) = 0, i < 0 

0 

2 

0 

V,+ 

V,- 

v,+ 

KO = j At - x)h(x)dx rit) = 0, t < 0 

0 

3 

0 

v,+ 

v,- 


« 00 

KO = J [h{x)J{t - x)]dx , f > r r(0 = J [ ]dx. 1 > T 

/ r o 

4 

0 


0 

V.+ 

/ 

KO = o, / < 0 r ~ j [h{t - o < / < T 

0 


/ [ )dx, t > T 


r = 
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Case (a): T 2 > T, 


Case (b): T, > T 2 


r = SUlx)h(t - x)]dx = 0-,l < 0 

i 

r = J [ ]dx; 0 < t < T, 

0 


r = 0; / < 0 
/ 

r = J [ ]cfc; 0 < / < T 2 
0 


5 

0 

tl f + 

0 

tl,+ 

Tl 

r ~ J' [ ^ 

0 

rj 

r = J [ ]<fc; r 2 < / < r, + r 2 

t-Ti 

r = 0; r > r, + r 2 

t 

r = J [ T,i < t < T\ 

t-Tl 

Tl 

r = j l }dx; 

t-Tl 

T\ < t < T\ + T 2 
r = 0; / > T, + T 2 

6 

V- 


V,- 

V,-f 

r 

r(i) = J /iM/i7 - .«)*: 

— <30 


7 

V,- 

v,+ 

0 

tl,+ 

T 

r(t) = J ./Cx)/!(/ - j:)A: 

0 


8 

V,- 

v,+ 

V,- 

v,+ 

+ » 

KO = J A(/ - *!/**)<& 
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au „ 0 The results of the table can be applied to funct.ons that are t! but do 
not start at r = 0 stmply by delaying or advancing h(t) and f(t) to the ongm and 
appropriately delaying or advancing r(t) by an equal amount of time 

It should be noted that the step function method can conveniently be used to 
find the limits on other integral relationships, e g , evaluating the cross corre¬ 
lation function of two given signals The method, although somewhat protracted, 
will result in the choice of the narrowest limit on the integral with a minimum 
chance of error 

Many times an analysis in one domain provides insight into behavior in another 
domain For example, a review of Hallen’s early work (1938) on the driving- 
point impedance of a dipole (monopole) antenna 5 shows that 


Z( co) ~ 2 Z 


/ 2mi\ 

+ ~T~) 


( 1 - 8 ) 


i e , the impedance is approximately penodic with frequency This, of course, 
implies that the inverse Fourier transform of Z(w) z(t) is a tram of weighted 
impulses, that is. 


iz^ + yj^ia^d - kT) (1-9) 

where &(r) is the Dirac delta function Later (1972), Schmidt and King 6 showed 
that this result was indeed true, and DeLorenzo 7 based development of the time 
domain, ground-plane scattering range on this result DeLorenzo increased the 
time between impulses by using a long monopole wire antenna placed perpen¬ 
dicular to a large ground plane Then, to a target placed on the ground plane, 
the impulsive radiation from the base or feed of a simple monopole produces 
the impulse response of the target directly, provided that this response decays 
below the noise level before the arrival of the next impulse 
In the preceding example, the results m the frequency domain implied a 
response in the time domain and helped bnng about important invention in the 
field of target-scattering analysis and synthesis 
Another interesting interpretation of behavior in the time domain provides a 
belter understanding of resonance m the frequency domain For example, con¬ 
sider the case where equal-length TEM mode lines are interconnected to form 
microwave hybrid junctions, for example, the branch line and nng couplers 
Here, the impulse response between any two ports of the network is given by 

* 

hU) = 2 A, 8(/ - At) 

* - \ 


( 1 - 10 ) 
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where At is a function of the reflection coefficients at the junctions and t is a 
time delay depending on the geometry of the network and the propagation 

''when'the^mpulse response of a linear, time-invariant network conststs of a 
train of impulses of varied weighting, the response to an input,/W, may be 
found conveniently by appropriately weighting and delaying replicas of the input 
signal, /(f). In particular, if the impulse response is uniformly spaced KJZc 
seconds apart, the response to a step-modulated signal of the form 


F(t) = sin w 0 ; x U(t) 


(Ml) 


where io Q = 2ir/ n = 2irc/\ 0 can be found in any given half period by a simple 
addition. This follows since the phase difference between weighted replicas of 
the input signal is either zero or 180 degrees (i.e., either plus or minus). Viewing 
the step-modulated response of the coupler at any of the output ports provides 
a revealing picture of the constructive and destructive resonant buildup in a 
microwave network. These buildup and settling times can be shown to be related 
to the energy stored in the network. More will be said about these networks in 
Chap. 10. 


Experimental Techniques 

As previously indicated, analysis in the time domain often provides intuition 
that, although present in the mathematical formulation for other domains, is not 
immediately obvious. For most engineers, a necessary part of any total analysis 
is an experimental capability. It is this capability that allows the investigator to 
iterate between theory and experiment and converge on a solution. 

The tools available for experimental analysis in the early 1960s were limited. 
A major breakthrough was the development of the sampling oscilloscope by 
Hewlett-Packard. 8 This display device provided short duration time measurement 
by an “equivalent” method. Here a single sample from each successive repetition 
of a pulse train was painted on the screen with the next sample being taken at 
a slightly different time relative to the starting pulse. The measurement time 
required to display a nanosecond waveform could thus take milliseconds, cor¬ 
responding to multiples of the pulse repetition frequency. Hewlett-Packard de¬ 
veloped high-speed sampling gates that used tunnel diodes in precisely engineered 
microwave cavities. They also marketed, separately, tunnel diode step generators 
having an amplitude of 0.5 V and a risetime of about 100 picoseconds (ps) 
About this time, manufacturers were also developing avalanche transistors for 
high-voltage (but slow ;r nsetime) applications. By 1970, the step-recovery diode 
also became commercially available. Mercury switches were used for higher 
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voltage target-identification applications, but at a much slower PRF A summary 
of the characteristics of these pulse sources is presented in Table 1-2 
For direct evaluation of the buildup time of a network or system to a step- 
modulated signal at resonance, co 0 , it is most convenient to generate a step- 
modulated signal fo the form in Eq 1 11, namely, 

fit) = sm(bs Q t) x U(t) (1-12) 

Early system analysis involved phased array networks at L band where a single 
RF cycle corresponds to about 1 nanosecond (ns) 10 
It is difficult to generate a signal described by Eq 112 For example, gating 
an oscillator introduces synchronization difficulties as well as its own transient 
degradation caused by bandwidth limitations The problem was solved by gen¬ 
erating the required waveform synthetically 11 That is, as shown in Fig 1-4, we 
first generate a step function using a tunnel diode source (risetime < 100 ps) 
and feed this into a short-circuited stub junction of length L that has one-half 
the characteristic impedance of the main line The result is a pulse of ILIc s 
duration and an amplitude of 0 5 V By feeding this signal to an identical short 
circuited stub, the resulting waveform becomes ±0 25 V in amplitude and 
resembles one square cycle of an RF carrier of penod 4L/c s Next, feeding this 
output to a series of open-circuited stubs of lengths 2 L, 4 L, 8 L, , we produce 

2, 4, 8, square cycles of microwave energy, provided the stub separation 
is greater than the longest stub 

The measuring instrument (sampling oscilloscope) behaves as a low-pass filter, 


Table 1-2. Typical Characteristics of Pulse Sources, 9 
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Pulse 

150 ps 

12 V 

Hz 

Device selection 

Tunnel diode 

Step 

25 ps 

Q 25 V 

necessary 

Fastest transition 

Step recovery 


100ps 

10 V 

time 

Step 

60 ps 

20 V 

Commercially 
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rounding off the sharp corners of the wave and making the resulting waveform 
indistinguishable from the desired test waveform of Eq. 1-12. The disadvantage 
of this technique is that the output voltage, V OJ is reduced by the factor 

V 0 = 2~ k (1-13) 

where k is equal to the number of stubs employed. This limits to 8 or 16 the 
number of cycles that can be practically generated. Later inventions by Proud 
and Cronson 12 circumvented the problems of loss by the use of line lengths 
separated by spark-gap devices or step-recovery diodes, respectively. These 
experiments were important because they showed that virtually any frequency- 
coded pulse could be generated synthetically from a simple unit-step function; 
a unipolar baseband pulse was simply the addition of two opposite-polarity step 
functions shifted in time. These simple observations stimulated the work that 
followed in the antenna and metrology areas of investigation. 

Improvements in solid-state devices since these initial experiments have re¬ 
sulted in significant improvements in both the risetime and amplitude of generated 
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step and pulse functions In the sections that follow, the use of these waveform 
sources will be demonstrated 


1 2 AREAS OF TIME-DOMAIN ANALYSIS 
Networks 

Flow graph techniques 14 are chosen as the primary analysis tool in time domain 
studies because (I) they afford a clear physical representation of the interaction 
of reflections between junctions, and (2) they permit by application of a simple 
formula an evaluation of the overall response or system function of the network 
m closed form, thus revealing the pole zero (resonance) pattern of the system 
This approach is not limited to the analysis of symmetrical networks but can 
also be applied to solving more general network configurations The more con 
ventional approach involves tedious conversion of the scattering matrix of each 
junction to a transmission matrix and then the multiplication of a number of such 
matrices and the inversion of the result to form a new scattering matrix The 
process is repeated until the desired terminals are reached in a manner analogous 
to finding the driving point impedance or admittance of a ladder network with 
complicated elements 

The flow graph representation of a given network is not unique, that is, a 
network may be represented by several flow graphs each having equal validity 
Conceptually, some graphs may be easier to visualize or construct As an lllus 
tration of the technique, consider the flow graph representing the interconnection 
of four three port TEM mode junctions farming a four port network, shown in 
Fig 1 5 15 The output ports of the network are assumed to be matched to the 
impedance of the driving source, which, for convenience, has been normalized 
t° 1 ft In the discussion that follows, the reference to ports” refers to the 
physical network, whereas the reference to 'nodes ’ refers to the topological 
representation of the network, namely, the flow graph Each port in the network 
is represented by two nodes m the flow graph, for example, A and A’ This 
distinction \s required since waves traveling in a clockwise (cw) direction in the 
network may experience a different reflection coefficient at a port than waves 
entering the same port from a counterclockwise (ccw) direction The signal flow 
is described in the following discussion 
An incident (impulse) voltage entenng port A is partially reflected (as a result 
of mismatch) whereas the two transmitted impulses travel m a cw direction 
toward port 8 and simultaneously in a ccw direction toward port D In the graph, 
cw signals travel along the outer square entenng the unpnmed nodes, ccw signals 
travel along the inner square entering the primed nodes When the transmitted 
impulse reaches port B, for example, a fraction of the energy is reflected back 



early developments and motivations 13 



Subject To The Constraint 
d + i = A 
a + 8 = b 


Where 
a = a(p) ; 


„i„- pT = 


b = b(p) = b’ e 


-PT b 


Fig. 1-5. Flow graph for the four-port network. 

to port A, while the transmitted impulse continues on to port C. The impulse 
reflected toward port A now travels in a ccw direction and, in the graph, enters 
node A'. Part of this signal is re-reflected toward port B (in a cw direction), 
again entering node B in the graph, forming 2 closed loop (BlA'k). The portion 
of the signal transmitted beyond node A' travels in a ccw direction toward node 
D’, resulting in similar reflections between nodes A and D'. This process is 
continued until the transmitted signals from nodes B' and D enter nodes A' and 
A. respectively, and the process repeats. The values of the branch transmittances 
(for example, a, b, c, . . . ) in Fig. 1-5 are chosen to be the Laplace transforms 
of the voltage transfer coefficients between nodes. Since the impulse response 
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of each branch is a delayed impulse, the Laplace transforms of the voltage transfer 
coefficients are of the form 

a = a{p) = a'e'*” (1-14) 

where o' is real and a function of the characteristic impedances of the intercon¬ 
necting lines at a junction, t depends on the length and propagation constant of 
the line, and p = tr + ju>, the complex frequency variable The equation at 
each node is simple 


Ejncident "h Ercflecied 

At node A, for example, Eq 1-15 becomes 

cl(p) + y(p) + i(p) 

Since primed and unpnmed nodes having the same letter designations phys¬ 
ically represent the same port or junction m the network, special care must be 
exercised in introducing the excitation and taking the output from the graph For 
example, if the excitation were introduced directly into nodes A and A', rep¬ 
resenting the input port, two false signals would appear at output port C This 
result follows since injection at these nodes would produce an initial voltage at 
the output port of (lfu) + (abt) + (kbt) + (efu) V, as indicated m Fig 1-5 
From the actual network, it is clear that the initial voltage must be (abt) + (efu) 
V To prevent this from occurring, the input excitation weighted by the appro¬ 
priate branch transmittances is introduced into the nodes that follow, A, A' for 
both the cw and ccw waves To obtain the output signal at port C, the outputs 
from both node C and C' must then be combined Mason’s formula or reduction 
theorem, can be used to evaluate the graph 13 The formula states that the trans 
mission, H, between any two nodes in the graph is given by 


- transmitted 


= a(p) 


(1-15) 


(1-16) 


m 





(1-17) 


where 

Hn — the product of the branch transmittances of the /nth forward path 

nl "2 "3 nr 

A = 1 - 2^, + 2** -2** + (-ir2^ 

L, — the product of the branch transmittances of nontouching loops taken r 
at a time 
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r = an integer 

n r = the number of closed loops 

A m = the value of A for that part of the graph not touching the with forward 
path. 

The use of this formula may be found in other references. 16 In particular, 
when the line lengths between junctions are integral multiples of a given length, 
the system function representing the transmission from ports A to C is given by 


ffcA (P) 


Nc A {e~n 

D(e~ pT ) 


(1-18) 


and for the class of TEM mode components, this is a meromorphic function. 17 
A meromorphic function has in every finite region in the complex p plane at 
most a finite number of poles. Thus, H C a(p) is the ratio of two finite polynomials 
in p, or 


n (p - pi) 

Hca(p) = h ~z- 1 - (1-19) 

This function can also be expressed as an infinite train of exponentials by 
dividing the numerator of Eq. 1-18 by its denominator. The same result can also 
be obtained by taking the Laplace transform of a train of weighted impulses, as 
follows: 


cc 

h ca(p) = L h(t) = 2 Ak 8(f - *r) 

Jt = 1 

= 2 Ate-#* 

k ~ 1 

Equating Eqs. 1-19 and 1-20, one obtains 


d-20) 


. J j iP ~ Pi) ^ 

“ - 2 A k e~ pkx 

11 iP ~ Pi) k = 1 
j = 1 


( 1 - 21 ) 


It is clear from Eq. 1-19 that if p = 
denominator of Eq. 1-17, then 


Pi or Pj is a root of either the numerator or 
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p ~ pi or pj + j —i n (1-22) 

is also a root, where n is an integer 1 here fore, the poles and zeros ot the system 
function are periodic m the complex p plane and also infinitely denumerable 
The introduction of the complex transmission 

a = e"" (1-23) 


results in the periodic poles in the p plane coalescing into a finite number of 
poles in the z domain The system function then becomes the ratio of two finite 
polynomials tn i 

Examples 1 ®' 9 It Will be instructive to apply the theory presented m this 
section to the analysis of several frequently used microwave networks These 
networks are used in feed networks for phased-array systems, monopulse radar 
tracking-schemes, and filter design 


1 Ring hybrid Consider the familiar ring hybrid and 3-db branch-line cou¬ 
plers shown m Fig 1-6 together with their respective flow graphs For this 
nng 


x = x(p) = x' e~ pT - x'z = 


r, = r, z = - 


2 ~ V2 


2V2 

1 + V2 


y = y i z 


2+ V2 
V2 

z 


1+ V2 


(1-24) 


r 2 - r 2 'z = — 

1+ V2 

with t the time required for an impulse to travel — meters SettingZ = z ~ 2 
and solving the graph, we find that H DK (Z) =V A (Z)/D(Z) (sum port) 
and // BA (Z) — N tirX (Z)fD(Z) (delta port) Here, 


No* (Z) - 0 485Z(Z + 0 1338 ± /) 1738) (Z - 0 04744 
- y0 8140) 

V ‘ ' (2) = 0 485Z(Z - 0 06495 ± jQ 1905)(Z + 0 2719 (1-25) 

± y0 8014) 

D(Z) = (Z - 0 04932)(Z + 0 06286 ± j0 2034) (Z + 

0 2042 ± j0 5859) 
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The amplitude spectrum is found by setting p = jt* and determining 
the magnitude \H{Z)\ The envelope of the magnitude of the step-modu¬ 
lated response at resonance of each network can be found by inverting 
Eq 1 25 and convolving the resulting impulse trains with a step-modulated 
signal 

2 The 3 (IB branch-hue coupler In similar manner, it can be shown that 




H ca(Z) 


JVba(Z) 

D(Z) 

D (Z) 


d- 26 ) 


where 


A/ba (Z) = 0 485Z(Z + 0 2425 ± jO 3357) 

N Ci ,(Z) - 0 5682Z 2 (Z + 0 4140) 

D(Z) = (Z - 0 1716)(Z + 0 3846 ± jO 1531) 

3 A cascade connection oj equal length lines As a final example of the 
efficacy of the flow graph method, consider the important physical problem 
of a cascade connection of equal length TEM mode lines Many physical 
situations in network theory, propagation, and optics can be represented 
by a tandem connection of commensurate-length TEM mode lines 
The general flow graph is shown in Fig 1-7 It can be shown that the 
general form for the forward transmission or scattering coefficient, ,S 2 ](r), 
can be expressed in closed form The inverse Laplace transform of this 
function, of course, represents a tram of impulses In the graph, the branch 
transmittances are defined in terms of the driving-point reflection coeffi¬ 
cient, r ff at each junction Thus, in Fig 1-7, 

r -_ Z ' ~ 1 

1 Z, + 1 

r 22 ~ z ‘ 

2 2 2 + Z, 0-27) 

p — Z{ ~ Z< . _ , 

e “ z f - Z ~ 


where 
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I* -L --{*- L -*1 



(al 



graph. 


2 = e-r* 

Z, = the normalized characteristic impedance of the f’th line 
(lines are normalized with respect to generator 
and load impedances of I ohm) 
p = a + jto, the complex frequency variable 
t = Lie 

L = the length of each line 
c = the speed of light in the medium 


Siifz) is derived from the graph in Fig. 1-7 and is given by the equation: 

n + 1 

n a + r,)z" 

s,,<!) = 1+w .T'.'cs* + ...C> °- 28 > 

where n is the number of line sections. The Q coefficients are also derived 
from graph theory; these coefficients are shown in Table 1-3 as a function 



n n 



c 4 

C, 


ip Between C k and I’,. 


FOUR LINES FIVE LINES 

r,r 2 + r 2 r 3 + r 3 r 4 + r 4 r 3 Ti r 2 + r 2 r 3 + rjr 4 + r 4 r 5 + r 5 r 6 
r,r 3 + r 2 r 4 + r 3 r 3 r,r 3 + r 2 r 4 + r 3 r* + r 4 r 6 

+ r,r 2 r 3 r„ + r\r 2 r 4 r 5 + r,r 2 r 3 r 4 + r,r 2 r 4 r 5 
+ ry\j 4 r 5 + r,r 2 r 5 r a + r 2 r,iy\ 

r 2 r 3 r 5 r 6 + r 3 r 4 r 3 r6 
r,r 4 + r 2 r* r,r 4 + r 2 r 3 + r,r 8 

+ r,r 2 r 3 r 3 + r,r 3 r 4 r, + r,r 3 r 4 r, + r,r 3 r 5 r fc 

r 2 r 4 r 5 r 6 + rir 2 r 3 rj 
+ r,r 2 r 4 r a + r^r 3 r 4 r s 
+ r t r 2 r 3 r 4 r 5 r a 

r,r 3 r,r 3 + r 2 r„ + r,r 2 r 3 r a 

+ ri^rsTa + rir 3 r 4 r a 

r\r* 
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of the number of cascade line sections. A careful examination of the table 
will enable one to induce the rule determining the in *e^^P 
r f and Ci- As indicated, n constants need be specified for an n section 
filter. The first and n’th coefficients,are the easiest to determine. 1 hey 
as follows: 

c, = r,r 2 + r 2 r 3 + ... + r t r, + , (i-29) 

+ ... r. _ 1 i'll t r u r„ +1 


and 

c„ = r,r„ + , 0-30) 

Graph theory permits a general formula for determining the C< coeffi¬ 
cients. It is a recursive relationship involving derivations of previous terms 
and may be found in complete form in the work by Cohn, et al. 20 

Concluding Remarks on ■ Analysis. The details for finding the impulse and 
step-modulated response of many familiar microwave networks together with 
the amplitude spectrum and phase function of these networks derived from time- 
domain analysis using graph techniques may be found in the literature. The flow- 
graph approach described here has also led to the development of numerous and 
novel experimental techniques. 


Material Diagnostics 

In the previous section, it was shown how flow graph theory was applied to the 
solution of network problems in microwaves. The advent of the sampling os¬ 
cilloscope and the development of baseband pulse generators with subnanosecond 
risetimes together with graph theory and more recently developed fast Fourier 
transform techniques contributed significantly, in the early 1970s, to the under¬ 
standing and measurement of the intrinsic properties of materials. 

In 1969, Fellner-Feldegg 21 sparked interest among physical chemists by re¬ 
porting on a reflection method for determining the dielectric constant and relax¬ 
ation time of certain liquids. Independently, in 1969, Bagozzi 22 developed the 
theory for polar liquid dielectric coaxial lines, including skin-effect losses. Con¬ 
currently, Bagozzi et al. applied the theory to the dielectric relaxation time in 
Debye binary liquids using a time-domain method. At the 1970 Conference on 
Precision Electromagnetic Measurements, Nicholson and Ross 23 presented a new 
method utilizing reflected and transmitted pulses from a material located in a 
coaxial fixture to obtain its complex permittivity and permeability over a broad 
range of microwave frequencies. The breakthrough in material metrology was 
made possible by the convenience and accuracy of time-to-frequency translations 
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[c g the Fast Former Transform technique) and through the use of computer- 
controlled scanning procedures The computer was used not only for averaging 
the data for improved accuracy and for inverse transform calculations, hut also 
to monitor and dynamically correct for errors caused by additive voltage drift 
and timing jitter in the sampling oscilloscope circuitry The results provide, via 
a single impulsive but repetitive time-domain measurement, accurate complex 
permeability and permnmty data for a wide range of linear materials over three 
decades in frequency 

The configuration used for the measurements is shown jn Fig 1 8 The pulse 
from the pulse generator typically has a nsetime of less than 50 ps, propagates 
down the coaxial delay line through the feed-through sampling head of the 
oscilloscope, and is incident on the sample of material in the test-sample holder 
The pulse is partially transmitted through the sample The transmitted pulse 
reflects from a short circuit, returns up the line, and passes again through the 
sample on its way to the oscilloscope sampling head Jt can be shown that these 
pulses yield S,,(<ii) and where $ 21 ( 10 ) and Snfw) are the scattering coef¬ 

ficients of the sample under test 

The basic principle of the measurement can be defined with the aid of Fig 
1-8 Consider an annular disk of material with permeability p. (p. = p. Q x p, t ) 
and thickness d installed in a coaxial air-filled line with characteristic impedance 
Z 0 , as shown in Fig 1-8 (a) 

Within the region 0 x Ss d, the hne will assume a new characteristic imped¬ 
ance, Z ~ \ X Z 0 , where p, and f., may be complex If d were infinite. 
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Pig 1 8 (a) Coaxial line with annular disk of material 
signal flow graph tor (a} 


to be measured and inserted and 


(b) 
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then the reflection coefficient of a wave incident on the interface from the air- 
filled line would be given simply by 


Z - Z 0 _ ~ 1 

Z + Z 0 \/\iJz r + 1 


(1-31) 


For finite d, the transmission coefficient between faces A and B of the slab may 
be written 


_ (l) _ 

z = exp(—yo> VjjiEr/) = exp [—j— V|x r £ r x d] (1-32) 

c 

The scattering coefficients S 2 1 and Sn of the slab may be obtained from the flow 
graph in Fig. 1 -8(b) so that 


Q , V B 

S 2 i(<*>) = — 

’ inc 

Q f \ V A 

S,i(o>) = — 


(i - r 2 )z 
i - r 2 z 2 
(i - z 2 )r 

i - rv 


Writing the sums and differences of the scattering coefficients as 

F) = S 2 i + Su 

Vz — ^21 ~ Su 


and letting 


y _ 1 ~ TO 

it can then be shown that f is given by 


r = X ± 

with the sign chosen so that |r| < 1. Also, 


r = ^ - r 

i - IV, 


(1-33) 

d-34) 


(1-35) 


(1-36) 


d-37) 


Now from Eq. 1-31, define 
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and from Eq 1 32, define 



so that 

p. r = VC iC 2 

-’I 


(1-38) 


(1-39) 


(1-40) 


Complex permeability and permitivity are thus obtained from measurements 
of the transmission and reflection scattering coefficients of a slab of the material 
The delay-line lengths are chosen sufficiently long so that the incident, the 
reflected, and the doubly transmitted transient-voltage waveforms do not overlap 
at the sampling head Consideration of the lengths shown in Fig 1-8 shows that 
the reflected and transmitted waveforms each have a “time window” over which 
they may be measured without contamination by other reflections of 2 Lie s 
Typical results of this technique for the measurement of Teflon are shown in 
Fig 1-9 The use of time-domain techniques to further evaluate the properties 
of microwave components is covered in more detail in Chap 10 


Antenna Analysts 

An understanding of the short pulse behavior of antennas is important because 
processes m nature are usually not sinusoidal but rather impulsive in time Also, 
in modern radar applications, very broadband signals (i e , signals having an 
effective short-pulse duration) are being used to aid m target identification The 
effect of short pulse signals in antenna systems becomes observable wherever 
the propagation delay of the signal on the structure is comparable to the risetime 
or duration of the pulse When this situation occurs, only certain portions of the 
antenna are involved in the radiation process at any one time 
For example, consider the radiation field of a dipole of total length 2k, radius 
a, and driven by a source of internal impedance Z g If h » a so that the 
circumferential variations can be neglected, then it can be shown that the broad¬ 
side direction impulse response of such a structure is well approximated by a 
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Fig. 1-9. Relative permittivity, s, and permeability, p-, for 5.0-mm-thick Teflon. 


train of impulses of varying weight and of spacing hlc seconds, where c is the 
speed of light. 24 In any time window less than hlc seconds in duration, the 
impulse response can be represented by a single impulse. This implies that any 
time-limited source waveform of duration less than hlc seconds can be transmitted 
and replicated during this time window without distortion. 

It is interesting to note that once the radiation response of a given element is 
known, the response of that same antenna as a receiver can be found from the 
Rayleigh-Carson relationship derived by R.W.P. King. 25 Using this relationship, 
Schmitt showed that the receive response is approximately the integral of the 
impulse response of the element used in the transmit mode. 26 

The time-domain approach to antenna theory provides a significant degree of 
insight that is not obvious from the conventional frequency-domain approach. 
For example, the time-domain approach suggests new criteria for the design and 
synthesis of wide-band radiating elements. 27 Conventionally, to minimize dis¬ 
tortion requires that the system function (i.e., Fourier transform of the impulse 
response) of an antenna have a flat amplitude spectrum and a linear phase function 
over a given band, with minimum specifications outside the band. The difficulty 
here is that the in-band data can be used to predict the gross response of the 
system to a step or pulse-modulated input but cannot accurately be used to predict 
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the settling time or time domain residues, respectively The settling time is 
defined as the time required for the response to settle to within 5 percent of its 
steady-state value The fine structure of the response or the time domain sidelobes 
(or residues) depends on the out of-band characteristics 
Specifications in the time domain can be written that conveniently describe 
and constrain the impulse response of an antenna In particular, the duration of 
the impulse response can be constrained to be precisely t seconds Devices of 
this type can be described as having a time-limited impulse response (TLIR) 
In general, systems having a TLIR have interesting mathematical properties For 
example, their Laplace transform is an entire function,” having no poles in the 
entire complex p plane Practically speaking, the duration of the transient for a 
step modulated excitation of the form 

fit) = 2irf 0 t x U(t) (I 41) 

cannot exceed the duration of the impulse response For a pulse modulated input 
of the form 


pit) = sin 2nfy [Uit) - Uit - nT)] (1-42) 

where T ~ l/f a and n is an integer, the total dispersion is limited to twice the 
duration of the impulse response There are no time domain residues or distortion 
introduced by an antenna after this time If the duration of the impulse response 
hit) is less than 7/2, then signal distortion is limited to less than half of an RF 
cycle at resonant frequency/. 

The shape of h(t) determines the distortion introduced during the duration of 
the transient, and the magnitude of h(t) determines the steady state sinusoidal 
response for / > t seconds As an example, consider a causal system having a 
TLIR of duration t given by 

h(t) = 8(|) + 8(f - T ) (1 43) 

where 8(f) is a delta function The response of a step modulated input described 
by Eq 1-42, where/„ = l/2r, is given by 


r.\ 7T 

r(t) — sm — t when D 5 ( ^ t 

T 

tit) ~ 0 when r > t 


(1-44) 


Steady state is reached after r seconds 
reversed, then the response is given by 


If the sign of the second impulse is 
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t=l t- 

'£3 

II 

when 0 < t < t 

7 Tt 

r(t) = 2 sin — 

when t > t 


The system “settles” to its steady-state response after t seconds, but r(t) becomes 
sinusoidal for t > t. 

As a second and more pertinent example, consider a thin vertical monopole 
mounted above a ground plane, as shown in Fig. 1-10. Here the driving-point 
surge impedance of the monopole has been approximately matched at the base 
by using a long, tapered, conical TEM-mode section beneath the ground plane. 
A detailed description of this element appears in the literature. 28 The impulse 
response in the receive mode for such an antenna is shown at broadside and for 
an angle of incidence of 30 degrees in Figs. 1-10(b) and (c), respectively. The 
response of this antenna to a step-modulated signal described by Eq. 1-42, where 
/ 0 = 1/2t, can be found by convolution. The experimental result obtained with 
the waveform generator described earlier is shown in Fig. 1-11 and indicates 
that the buildup time of the response is less than one RF cycle, as predicted. 

In addition to the matched dipole, a so-called wave-trapping type (WTT) has 
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1-10. Impulse response of a matched dipole: 
w) 6 = 30 degrees. 


(a) configuration, (b) 9 


0 degrees, and 
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0 5 ns/div 



0 5 ns/div 




Note S S = steady state h/c seconds = T/4 seconds or 'A rf cycle 
Step modulated response calculated 


Fig 1-11 Pulse modulated response, actual (8 = 0 degrees) (a) transmitted pulse, and (b) 
received pulse 


been built that is characterized by a short wire of length h and a thin metal top 
hat 19 There is also a matched-monopole type (MMT) where h is relatively long 
and the wave is matched at the tip by a metallic film of submicrometer thickness 
deposited on a thin glass plate Both antennas have a TL1R The WTT has also 
been used very effectively as a wide-band probe in a cavity 30 Other members 
of the class of antennas that have essentially a TL1R are used m the many 
baseband radar applications described in Sec 1 3 
The development and perfection of the technology necessary to obtain the 
transient solution to electromagnetic-scattering problems directly m the time 
domain has coincided with a growing interest in wide-band radar design for 
higher resolution and target classification problems There has also been great 
interest in reducing the radar cross section of targets, such as aircraft, over a 
wide frequency band by placing radar-absorbing materials m the vicinity of target 
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scattering centers. The electromagneticpulse (BMP) problem associated with 
nuclear explosions, which has been the object of much attention recently, is 
an area that is, essentially, a transient problem. 

Having assessed the conception, advantages, and applications of the ti 
domain approach to obtaining radar target signatures, this section will now 
address some fundamental concepts of the time-domain signature analysis. The 
configuration and measurement characteristics of the time-domain scattering range 
will be described as well as a generalized approach for deriving the space-time 
integro-differential equations that describe the scattered field at any point in 
space. 


Target Scattering Analysis 


The conventional experimental approach to determining target signatures is to 
illuminate the target with a single-frequency waveform and measure the ampli¬ 
tude and phase of the return. 31 Although this approach provides narrow beam- 
widths and high signal-to-noise (SNR), extraneous returns from objects in the 
vicinity of the target can be eliminated only be placing the target in an expensive 
anechoic chamber. To obtain the broadband or transient response, the measure¬ 
ment must be repeated over the entire band of frequencies contained in the 
spectrum of the transient excitation. 

The cost of an anechoic chamber and the difficulty in making coherent mea¬ 
surements over a broad frequency band led to the development in 1967 of a 
scattering range that measures the transient response directly in the time domain 
by illuminating the target with a smoothed-impulse waveform. 32 The resulting 
smoothed-impulse response is useful for several reasons. First, it contains all 
the information about the electromagnetic scattering properties of the target over 
the frequency band defined by the incident-smoothed impulse. Since the impulse 
response is closely related to the actual target geometry, it is particularly useful 
for target classification. Second, the radar cross section (or, equivalently, the 
frequency response) can be obtained from the impulse response by a Fourier 
transform. Third, the response of the target as a result of any waveform can be 
obtained from the impulse response by a simple convolution procedure. 

For the purpose of target classification, the impulse response is a particularly 
useful characterization since it is closely related to the actual target geometry. 
Finally, the impulse response can provide a better understanding of electromag¬ 
netic scattering phenomena. This section describes the basic operating principle 
of the original time-domain scattering range developed by DeLorenzo 7 and later 
improved by Bennett. 9 dier 


A functional block diagram of a representative time-domain scattering ranee 

gene*" Sv? J he , sys,em . si8nal sonr “ is « high-voltage switch that 
generates a 300-V step function with a nsetime less than 100 ps. The signal is 
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Fig 1 12 Video time domain scattering range 


radiated from a vertical monopole antenna protruding through a circular ground 
plane 20 feet in diameter The ground plane provides isolation from equipment 
and cabling that is necessary for its operation Since the ground plane acts as 
an electromagnetic mirror, this system is limited to the measurement of targets 
with mirror symmetry The radiated wave scatters from the target and is received 
on a flush-mounted coaxial hom antenna, the latter essentially smooths and 
differentiates the signal and thus provides the smoothed-impulse response of the 
target The received waveform is sampled by a sampling oscilloscope that has 
been triggered by the initial pulse and whose sampling-gate deflection is under 
the control of a microprocessor 

Unprocessed data is displayed on the oscilloscope CRT, while the sampled- 
and-held waveform is passed through a low-pass filter, digitized, read into the 
microprocessor, and stored on magnetic tape automatically This system has 
been designed to correct for long-term timing drift and/or amplifier drift In 
addition, the waveforms are stored in such a way that they are ready for the 
subsequent ope ations of averaging (to remove short-term noise) and baseline 
jitter For exa pie, the effects of a time-varying baseline are subtracted from 
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measured waveforms to improve system accuracy. Finally, the microprocessor 
is connected to a general-purpose computer for more sophisticated and/or more 
rapid signal processing. 

The salient characteristics of such a scattering range are the speed and sim¬ 
plicity with which transient responses (or, equivalently, broad-band frequency- 
domain data; e.g., over almost three decades in bandwidth) can be obtained. 
These advantages accrue because the time-domain scattering range yields an 
“uncontaminated” interval of time between the arrival of the direct wave and 
the arrival of unwanted reflections. Figure 1-13 shows the relative location of 
the elements on the ground plane, and Fig. 1-14 shows the range response as it 
appears at the oscilloscope (no data processing has been used at this point). The 
transmitted signal travels outward from the base of the wire antenna and is 
received at R at time t a = die (where c is the speed of light). This time is marked 
by the pulse at the left end of the trace in Fig. 1-14. The outgoing wave reaches 
the target at t = r/c, is reflected, and arrives at the receiver at 
t\ = (2r + d)lc -t 0 + (2r/c). 

The targets are usually located anywhere from two to five feet from the 
transmitting antenna; therefore, target returns lie in the region marked by the 
doublets at f, and t 2 in the lower photograph. The response at the right edge of 
the trace that occurs after t 3 marks the arrival of the pulse reflected by the table 
edge and the effects of the pulse radiated from the tip of the transmitting antenna. 
The entire region between the direct transmission and the table-edge response 
forms a convenient time “window” to view the target response and allows one 
to “gate out” (in time) unwanted reflections. In this way, undistorted transient 
target responses can be viewed without resorting to anechoic chambers. In ad¬ 
dition, a single time-domain measurement obviates the requirement for mea¬ 
surement of the amplitude and phase response at many frequencies. 

The accuracy of the measurement system can be estimated by measuring the 


8 = 8 ' 6 " 


TGT 
.. I 


Tx 


REC 

_ 1 _ 


Ground Plane 


~d- 


-OO'O"- 


-20 


r = 36 1 in.') Ge0metriCal Contigura,ion of video ‘ime-domain scattering 


range (d = 18 in.; 



32 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 



(a) Incident Pulse with Clear Range 






(t>) Incident Pulse with Markers at 2 ft (t,) and 4/a ft (t 2 ) 

From Transmitting Antenna 

Fig 1 14 Response of video time domain scattering range showing incident pulse and time 
window (horizontal scale 2 ns/div vertical scale 200 mV/div) (a) incident pulse with clear 
range and (b) incident pulse with markers at 2 ft (ft) and 5 ft (tj) from the transmitting 
antenna 


standard deviation of the measured voltage For the case where the peak of the 
incident pulse is approximately 500 mV and the 10 mV scale on the sampling 
oscilloscope is used, the standard deviation of the measured response has been 
measured as 0 06 mV, or approximately 0 6 percent of the peak value of the 
measured return 33 In addition, the measured responses can be further processed 
on a general purpose computer by means of a convolution procedure to obtain 
the response resulting from a Gaussian-shaped incident pulse (or any other in 
cident waveform whose spectrum is contained within that of the measure incident 
pulse) rather than from the approximate smoothed impulse used m the actual 
measurements 

Such a scattering range produces a radiated signal having an effective pulse 
width of approximately 200 psec at the 3 dB points The measurement system 
can be used to determine the target response over a frequency band that extends 
from 100 MHz to approximately 4 5 GHz The high-frequency limit is approx¬ 
imately measured by the reciprocal of the pulse width, the low-frequency cutoff 
is a function of the finite length of the wire radiating structure This facility has 
been used to measure, directly, the smoothed impulse response of targets and 
to \enfy the results obtained by calculations It has also been used in its own 
right to evaluate the response of multi scattering center targets, to identify the 
scattering centers, and to measure their amplitude The target response caused 
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by an arbitrary radar waveform can then be calculated by a convolution calcu¬ 
lation. Proper scaling must be used for larger targets. 

Until now, we have addressed a time-domain measurement approach to the 
scattering problem. Analytic solutions to the scattering problem have been, for 
the most part, solved in the frequency domain. Application of the classic bound¬ 
ary-value solution technique to problems where the target surface coincides with 
the coordinate surfaces of a separable coordinate system is limited to a few target 
classes. Approximate techniques such as geometric optics, physical optics, and 
the Rayleigh approximation have been applied to other problems to obtain es¬ 
timates of the scattered response. With the development of the digital computer, 
however, frequency-domain integral-equation techniques extended the solution 
of the scattering problem to simple bodies of arbitrary shape from near zero 
frequency well into the resonance region. These integral-equation solutions have 
provided many interesting and useful results; however, certain difficulties can 
exist near the resonances of the internal-scattering problem. 34 

It has been observed more recently that an integro-differential equation and 
its solution can also be obtained directly in the time domain. This alternative 
approach of solving Maxwell’s equation directly in the time domain was de¬ 
veloped by Bennett et al. 9 and applied to a number of problems. Since the 
integro-differential-equation approach requires a solution only on the surface of 
the scatterer, it provides advantages in both computer storage and running time 
over a finite-difference approach for scattering problems involving perfect con¬ 
ductors. 


1.3 SYSTEMS APPLICATION OF TIME-DOMAIN TECHNOLOGY 
Introduction 


In the above discussion, we mentioned that time-domain techniques were mo¬ 
tivated by the need to make certain measurements on microwave networks and 
later scattering targets. As the measurement technology developed, numerous 
new system concepts became apparent. 

The development of the sampling oscilloscope provided a new and convenient 
method of viewing very short pulses and transients and also resulted in new 
step-function (and pulse-) generating schemes. Introduction of the avalanche 

^?n Pr ° Vlde ? hl§he .- VOltagC PUlSCS f ° r a PP lication areas other than diag- 
man of dlS P ersionless P robes and radiating elements contained 

system m $ neCeSSary t0 build a ^-domain reflectometer or radar 

sensiU J nal 3nd key , com P° nent rec I uired to complete the requirement was a 
’ rangC ' gated receiver - Such a receiver, developed in 1972 by Nicolson, 
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involved the concept of maintaining a constant false alarm rate by having a tunnel 
diode held m a dosed loop by triggering on system noise 35 Using this receiver 
and the other elements a simple radar system was developed for use as a 
precollision sensor for an airbag on an automobile this sensor had a range of 
10 feet 36 Later as improvements m receiver sensitivity and transmitter peak 
power were realized the radar range was extended to 25 feet for use in NASA 
spaceship docking to 150 feet for radar braking for cars, to 250 feet for airport 
runway and taxiway traffic control, and to 5000 feet for tanker ship docking 
The range resolution and accuracy (a function of the signal to noise ratio) of 
these systems were less than I foot 

In addition to free space reflectometry the time domain technique was used 
as a single wire reflectometer for liquid level sensing and collision avoidance 38 
Here the transmitted pulse is coupled to a single wire dielectric coated trans 
mission lme (i e a Goubau line) and any obstacle near the wire (e g , an air 
water interface) produces a major reflection A properly designed Goubau lmc 
has been experimentally determined to be dispersionless 

Another area that received early attention using time domain network tech 
mques was multiplexing 39 Gigabit logic design first appeared in 1973 with the 
development of a 1 gigabit data system using simple transmission lines and 
comparative circuitry Some of this circuitry was also tested in Atlanta, Georgia 
by the Sperry Systems Management Division for use as a baseband commum 
cations link for traffic control application (e g , between the control box at an 
intersection and a central processing unit) 

Free-Space Reflectometry 

In this section we will describe in more detail the design of the CFAR tunnel 
diode receiver and its application to free space reflectometry 

The Constant Fafse-Afarm-Rafe Receiver. By employing processing 
techniques, the sensitivity of a tunnel diode receiver can be increased sigmfi 
candy at the expense of circuit complexity The scheme used to accomplish the 
increase in sensitivity employs a constant false alarm rate (CFAR) receiver 40 
As the threshold level of the single hit receiver is reduced, the sensitivity is 
obviously increased, but at the expense of the false alarm rate If the hits obtained 
from noise alone are fed to a register that assigns a + 1 each time a noise spike 
exceeds the threshold and a zero when it does not, then the outputs from, say, 
32 stages of this register can conveniently be summed By appropriately feeding 
the register, a sliding average of detector hits in any group of 32 consecutive 
periods can be obtained The threshold can be arbitrarily lowered until, on the 
average three or four hits caused by noise alone are contained in the register 
the transmitter is disabled during this time A dc voltage derived from the sum 
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port of the register can be used via a feedback loop to maintain automatically, 
on the average, an arbitrary number of pulses in the register caused by noise. 
This loop sets the constant-bias current through the tunnel-diode threshold de¬ 
tector in the absence of signal (i.e., on alternate pulse-repetition periods when 
the transmitter is disabled). When the transmitter is enabled, the threshold for 
establishing the presence of a target is set into a separate target register-and-sum 
network. For example, a target is said to be present when 25 or more of the 32 
stages of the second register are filled. A block diagram of the CFAR receiver 
is shown in Fig. 1-15. 

A Low-Cost Radar for Free-Space Time-Domain Reflectometry. The 

perfection of a waveform source, efficient radiating and receiving antenna ele¬ 
ments, and inexpensive threshold-sensing devices leads naturally to the devel¬ 
opment of a short-range free-space time-domain reflectometry or BAseband Radar 
(BAR) system. 41 There are many useful applications for devices of this type, 
especially if the cost can be kept well below Si000 for a transceiver pair. The 
range of such a system, naturally, is limited because very little energy is trans¬ 
mitted and detection is primarily a function of energy on target. A unique feature 



Fig. 1-15. Constant false-alarm rate (CFAR) receiver. 
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of a BAR system is its high resolution capability and virtually interference free 
operation because of range gating and the processing action of the CFAR receiver 


Applications 

Some primary application areas for this technology appear to be the following 

1 Automobile electronics, where a BAR sensor has been successfully dem 
onstrated for both precolhsion sensing and braking 

2 Auport ground traffic control, where intersection control at high density 
terminals and independent altitude warning is desired, especially under 
Category 3 landing conditions 

3 Ship docking for both spaceship and large oil tanker use 

Automobile Electronic Sensing At the Fourth European Microwave Sym 
posium, progress was reported m automobile pTecolhsion sensing for air bag 
application (e g , the BARBI system) for a range of 10 feet or less 42 Work on 
a BAR braking sensor was conducted later In an audited test by the U S 
Government in Boulder CO, in May 1975 and later in June 1977, the use of 
the BAR sensor in a binaural configuration was demonstrated for sensing objects 
within a lane width at a range of about 150 feet 41 Beam narrowing is accom 
phshed by signal processing using the transmitter receiver configuration shown 
in Fig 1-16 in conjunction with a microwave tapped delay line By preselecting 
the ports at which the signals from both receive channels coalesce, it is not 
difficult to show that the effective beamwidth 0 can be narrowed in accordance 
with the relationship. 


0 = 2 sin 1 — (I 47) 

2 a 

where A is the difference between the tap locations at which the pulses first 
coalesce and a ts the separation between the transmitter and receiving units This 
technique makes it possible to achieve an effective beamwidth of several degrees 
It was demonstrated at these tests that the resolution of the system is fine enough 
to distinguish between a human being, a bicyclist, a motorcyclist, and an au 
tomobile only a few feet apart 


Airport Ground-Control Sensors. There are several situations in an auport 
where a need exists for a short range high resolution sensor, among them the 
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Fig. 1-16. Beam shaping by time-domain coincidence techniques. 


1. Runway clear: for determining in bad visibility whether the complete run¬ 
way is clear of traffic; if not, for determining where the obstacle is located 

2. Taxiway intersection control: for determining the presence, direction of 
travel, and speed of an aircraft approaching an intersection 

3. Taxiway guidance: for giving an indication of aircraft position relative to 
a taxiway centerline under very low-visibility conditions 

4. Ground-based altimeters at the approach end of a runway at the far, mid, 
and near markers: for providing an indication of aircraft height from the 
ground when it is at altitudes up to 1000 feet. 

Tests have been made on all of these applications, one of them being illustrated 
in Fig. 1-17. The transmitter and receiver units were set up adjacent to an active 
taxiway with two receivers flanking the transmitter. As the aircraft taxied past 
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Rg 1-17 Airport intersection control set 


the equipment, the difference in times of acquisition by the two receivers was 
used to gate the clock to a counter whose output, in turn, fed a small calculator 
programmed to display velocity directly Tests on a variety of aircraft from small 
private planes to large jets gave a range of velocity readings from 10 to 30 mph, 
which correlated well with speed measurements made using a stop watch A 
similar system has been used to measure automobile velocity from the side of 
a road (instead of looking along the road as in Doppler methods), giving results 
of 20 mph, which agreed within ± 1 mph with a pair of mechanical switch pads 
on the roadway For runway/clear applications, tests have shown that complete 
coverage requires a several hundred-foot spacing between successive units along¬ 
side the runway 

Ship-Docking Sensor. The capability to display directly the range to a large 
broadside target in feet has been used to demonstrate use of a baseband radar 
or tanker docking at distances as great as 1600 feet It is significant that a return 
is obtained only when some metallic part of the target is normal to the line of 
the radar, hence, although the system has broad angular coverage, it can detect 
the tanker only when it is normal to the beam pointing angle The ultimate range 
of the present receiver against the side of a large tanker is about 5000 feet With 
a 1 s integration interval, range uncertainty during tests was about 1 foot rms 
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out to 300 feet and 3 foot rms to 1000 feet. For a slowly docking ship, range 
rates can be measured to about 1 ft/min by digital smoothing and dil erentiation. 


Guided-Wave Reflectometry 

The previous subsections have dealt with the free-space radiation of basebandlike 
pulses in a radar mode. There are also applications of baseband techniques in 
guided-wave modes where there is little external radiation, and the system per¬ 
forms strictly as a reflectometer. Examples of these applications include liquid- 
level sensing and a new collision-avoidance system for rapid-transit vehicles. 


Sensing Liquid Level. There are many applications where the accurate sen¬ 
sing of liquid level is of importance. 44,45 Some of these applications include the 
sensing of oil or liquid-natural-gas levels in tanker ships and the measurement 
of fuel supply in aircraft. Present techniques for accomplishing liquid-level mea¬ 
surement primarily use float-type devices and suffer from a lack of accuracy and 
reliability. Especially in those areas where highly viscous or caustic fluids are 
involved, floats seem to fail after brief use. Ultrasonic as well as EM sensors 
have also been employed. Two EM types that have been employed with limited 
success (i.e., depending on the corrupting effects of the fluid) have been the 
straight (air dielectric) coaxially supported cable and the segmented coaxial 
capacitor. In both devices, the presence of the fluid changes the capacity per 
unit length of the line and the accompanying resonant frequency and/or the 
reflection coefficient at the air-fluid interface, thereby becoming a measure of 
the liquid level. Eventually, the space between the inner and outer conductor of 
the line or coaxial capacitor becomes contaminated. 

The time-domain reflectometer method described here has been experimentally 
verified and is similar to the coaxial-cable approach inasmuch as the air-liquid 
interface results in a mismatch and a measurable change in the reflection coef¬ 
ficient. The major difference is that there is no need for an outer conductor; with 
the air of a single-wire Goubau-line system one is able to measure the liquid 
level in a tank, and, with the aid of a processor, one can also identify the liquid 
contained in the tank. The scheme makes use of a baseband pulse source (e.g., 
200 ps in duration) feeding a single Teflon-coated wire that extends to the bottom 
of perhaps a 100-ft tank (for a 100-ft tank, the diameter of the wire should be 
greater than 1/8 in.). Processing equipment can be minimal if liquid level is the 
only concern. Somewhat more sophistication is required for the quantitative 
analysis of the liquid in the tank. 


The scheme can be best explained with the aid of Fig. 1-18. A rectangular 

coated^in ‘Vf Ft " Parallel ^ C ° Upler t0 a COaxial horn and a dielectric 
oated line. The leakage signal fed to the processor via the coupler establishes 
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the reference signal, t — 0 The signal reflecting off the edge of the horn produces 
an unwanted signal m the processor at a known distance after p(f) and is gated 
out The signals of importance are the following 

1 The amplitude and time delay of the signal reflecting off the surface at A, 
which uniquely determine the height of the liquid in the tank and the 
properties of the liquid 

2 The signal reflecting off the bottom of the tank at B for calibration purposes, 
especially if the tank also contains a second liquid (e g , water) 

This technique results in a liquid-level accuracy m the order of an inch or 
better for the first 10 feet into the liquid Early experiments conducted indoors 
used oil and water (e g , the oil had a dielectric constant of 5) in a large laboratory 
sink Other experiments conducted m an outdoor water tower further verified 
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the level-determining theory. Additional work is currently proceeding to optimize 
the design of the horn, coupler, and processor. In cases where only the liquid 
level is of concern, the processor design is considerably simplified. It was de¬ 
termined that the energy in the incident pulse is at least three orders of magnitude 
below the danger level for the explosion of aviation fuel. 

Collision Avoidance System Using Baseband Reflectometry (CAS- 
BAR). A guided-wave approach for avoiding collisions between rapid-transit 
vehicles is particularly attractive when the vehicles are committed to a track or 
guideway. This approach permits one to see around curves as well as eliminating 
anomalous responses from overhead structures and tunnels. In addition, there is 
virtually no radiation in a guided-wave system. 

One such proposed scheme, known as CASBAR, 46 employs baseband tech¬ 
niques and is shown in Fig. I-I9. A surface-wave guiding structure similar to 
that used in the liquid-level sensor lies parallel to the track. Each vehicle carries 
a self-contained radar system with logic circuits connected to the train control. 
The operational sequence starts with a short pulse launched on the main guide 
via a surface wave directional coupler. The wave travels along the guide until 
it is partially reflected by one or more passive reflectors adjacent to the guide 
mounted on the forward vehicle. This reflected signal is coupled into the tunnel 
diode receiver by another directional coupler. (For redundancy, another system 
may be installed on the other side of the guideway.) A target may be detected 
at a range of several hundred feet or more; the range rate is also computed by 
the receiver processor. A breadboard model of this system has recently been 
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Fig. 1-19. CASBAR scheme. 
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completed and tested in cooperation with the Boeing Aerospace Company and 
the Urban Mass Transit Administration, Department of Transportation 


14 SUMMARY 

The advances in the state of the art m subnanosecond hardware and software 
technology have brought the engineer much more powerful tools for the solution 
of time domain electromagnetic problems The development of subnanosecond 
pulse techniques which began with waveform generation, has now progressed 
beyond the fields of metrology and is being applied to computer applications 
radar, time domain reRectometry, target signature analysis and communications 
theory The time domain scattering range represents a valuable aid for verification 
of calculations for determination of target responses and for better understand 
mg of the transient scattering phenomena The space time integral equation 
technique provides a powerful tool for calculation of the transient scattered 
response of targets and provides valuable insight into the solution of target 
classification problems The BAR approach to sensing shows that a fresh look 
at the radar problem at least for short range application, can result m a high 
resolution and inexpensive sensor that requires only a few microwave compo 
nents Previous radar approaches to the short range problem have involved scaled 
down versions of the conventional and more complex long range systems the 
BAR unit more closely resembles a free space time domain reflectometer 
In the chapters that follow the work by other investigators in the field of 
time domain measurements on materials and components, instrumentation for 
transient measurement, and the application to subsurface radar (e g , for detecting 
buned pipes and tunnels) will be presented In addition, the usefulness of target 
scaling will be compared to actual measurement 
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2.0 INTRODUCTION 

The main purpose of this chapter is to (1) summarize the present-day capability 
in time-domain measurements for pulses or transient signals whose shape (ev¬ 
olution with time) occurs on a time scale of the order of picoseconds, and (2) 
offer some opinions as to the future directions of electrical and optical picosecond- 
domain pulse waveform measurements.* Consequently, the techniques and other 
data presented here are limited to those suitable for such fast signals. For example, 
all of the methods cited recognize that the signal-circuit interconnections or 
transmission paths in devices and in instrumentation are distributed or wave- 
guiding in nature. 

The secondary purposes of the chapter are (1) to point out succinctly the 
significance of IEEE Pulse Standards 181 and 194, and (2) to provide clarification 
of the classification of measurement methods defined in References 1 and 2 by 
presenting some illustrative instrumentation block diagrams. 

The review of the state of the art of picosecond time-domain waveform mea¬ 
surements presented here includes measurements in both the electrical (dc through 
mm maves, etc.) and optical regions (infrared through visible, etc.) of the elec¬ 
tromagnetic spectrum. This review is the latest edition of a series of reviews 1-3 
on high-speed pulse measurements compiled by the author commencing in 1967; 
specifically, this review updates the 1983 review. 3 The significance of the In¬ 
stitute of Electrical and Electronic Engineers (IEEE) Pulse Standards 181 and 


iThe corUrib ' Jti °n b>' 'be National Bureau of Standards to this chapter is not subject to copyright. 
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194 and of the identical International Electrotechnical Commission (1EC) Stan 
dards 469 I and 469 2 is discussed briefly The classification of time-domain 
measurements from the 1978 review 2 is summarized and augmented with basic 
instrumentation block diagrams The present day capabilities are presented via 
temporal resolution state of the art charts using the 1978 format For the reader s 
convenience, the 1978 charts are reproduced here, along with charts that show 
only those changes that have occurred since 1978 The references cited in all of 
the chart entries are contained in the list of references 

2.1 PULSE STANDARDS 

For measurement purposes, fundamental time-domain definitions for pulse and 
wave form terms along with definitions and descriptions of time-domain pulse 
measurements are required With such definitions and descriptions jn hand, it is 
then possible to determine the characteristics of practical and hypothetical pulses 
(waveforms)—regardless of accuracy or precision—that may occur jn a wide 
range of technologies IEEE Pulse Standards 194 and 181 45 provide the defi¬ 
nitions and description, the same definitions and descriptions are to be found in 
IEC Publications 469 1 and 469 2, 6 7 respectively 
During the past 15 years, two technological developments have had a major 
impact on picosecond domain measurements (1) the minicomputer, and (2) the 
laser The former has led to automatic time domain measurement systems that 
utilize computer control and data reduction, while the latter has spawned the 
new field of optoelectronics The transformation of laser pulse sources from 
laboratory devices into commercially available optical pulse sources has resulted 
in a confluence of picosecond domain measurement methods from the electrical 
and optical regions of the electromagnetic spectrum, respectively, with the m 
terface occurring in the new field of optoelectronics Accordingly, electrical and 
optical time domain measurement standards are inherently drawn together be¬ 
cause the ensuing measurement problems require correlation between electrical 
and optical time-domain properties and pulse-waveform parameters IEEE Pulse 
Standards 194 and 181 definitions are valid for all pulses, waveforms, etc , 
across the entire electromagnetic spectrum, ranging from baseband through mil 
hmeter wavelengths and on through the ultraviolet Thus, the words baseband, 
electrical, or optical are not defined in these standards, but pulse and pulse 
parameters or pulse features are defined and can be applied to time-varying 
electromagnetic fields in any region of the spectrum 
Unfortunately, many engineers and scientists involved in time domain mea 
surements of pulses (waveforms) do not use the terms, procedures, etc , that 
appear in the IEEE Standards and, as a result, at times “reinvent the wheel," 
i e , develop definitions already embodied m the standards The short paragraphs 
comprising each Section I m Standards 194 and \%\ are required reading for 
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those involved in pulse measurements and pulse technology in general; a careful 
reading of those sections will lead to further study of the Standards. 

As was mentioned earlier, the minicomputer has made a major impact on 
time-domain measurements leading to automated time-domain measurements that 
utilize computer control and data reduction. IEEE Standards 194 and 181 were 
developed with computer analysis and measurement implementation in mind. In 
fact, some of the measurement methods are impractical without computer-con¬ 
trolled measurements and on-line data analysis. 

Some of the terms in the IEEE Standards have a profoundly particular sig¬ 
nificance even though they are conceptually simple. For example, the term pulse 
is used to describe only the physical entity involved, i.e., the pulse that travels 
along a transmission line or appears at the terminals of some element. On the 
other hand, the term waveform is used to describe only the manifestation of the 
pulse, i.e., the measured quantity or shape corresponding to the physical pulse. 
These definitions fundamentally recognize that a pulse measurement system can 
never be perfect; “the observed (measured) waveform is always different from 
the pulse (being measured).” The degree of such difference can be very important 
in some situations. 


2.2 DEFINITION OF SOME PULSE TERMS 


A brief discussion of some of the IEEE/IEC Standard’s pulse terms will now be 
given. The terms themselves will be presented in upper-case letters. The term 
PULSE is defined as the physical modifications of a state, such as a voltage, 
current, or the like, whereas the term WAVEFORM is reserved for the observed 
or measured shape of the pulse. Clearly, the PULSE and its WAVEFORM can 
differ; put another way, the measurement process does, in fact, yield a WAVE¬ 
FORM that is not an identical replica of the pulsed physical state, i.e., the 
PULSE. Accordingly, the terms PULSE and WAVEFORM must also be used 


as adjectives when discussing features of the two entities, e.g., PULSE ENERGY 
as contrasted to that computed using the WAVEFORM, i.e., WAVEFORM 
ENERGY. Also acceptable is such usage as PULSE WAVEFORM, even though 
the adjective PULSE is redundant because WAVEFORM is the observed mea¬ 
surement system entity corresponding to the physical pulse. 

Frequently, the signals under consideration are generally comprised of a se¬ 
quence of pulses, each pulse being limited in DURATION because each pulse 
m the sequence exists only over a finite time interval. Note that the term DU¬ 
KA 1 ION is used in contrast to width, the latter being an English language term 
pertaining to a length measure rather than a time measure. On the other hand 
PUlSC Pr ° pagating in a Emission medium does have a 

h e term WIDTH 'ti pU ! Se ° CCUp “* a certian s P a ^l region; consequently, 
term WIDTH should only be used for spatial description. 
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In the past, for a simple pulse in which the modifications of state occur in a 
smooth Quasi increasing and/or decreasing manner, the terms nsetime and 
■ falltime” were used to denote the amounts of time required for the transitions 
between the off-to on and on to-off states, respectively The term “rise” was 
used for the first change of state even when the waveform fell to its on-state 
In the IEEE 194 and 181 Standards terminology, the terms FIRST TRANSITION 
DURATION and LAST or SECOND TRANSITION DURATION are used Note 
that for a waveform that does not turn on and off in a monotomic manner, several 
transition durations may be needed to characterize the waveform’s leadmg/trailing 
epochs Also, the term TIME denotes an instant, whereas DURATION is the 
difference between two TIMES or instants 

It is common practice to describe a WAVEFORM TRANSITION in terms of 
three TIMES, e g „ the times at which the waveform crosses the 10-percent, 50 
percent, and 90-percent levels Now note that it was stated, "e g 10-per- 
cent, 50-percent, and 90-percent levels ” These three levels are commonly used, 
but, m general, other levels may be much more appropriate Accordingly, these 
three levels are defined as the PROXIMAL, MESIAL, and DISTAL levels, these 
terms being English language words denoting "nearer,” “toward the middle,” 
and “farther,” respectively They are used in the present context to denote nearest 
to, toward the middle of, or farthest from the waveform baseline In a given 
application, if the levels are not otherwise defined, they are to be assumed to 
be the 10-percent, 50 percent, and 90-percent levels, respectively The TRAN¬ 
SITION DURATION is defined as the difference between the PROXIMAL and 
DISTAL POINTS <m time) A WAVEFORM DURATION is defined as the 
difference between the MESIAL POINTS (in time) of the FIRST and LAST 
TRANSITIONS Figure 2-1 illustrates these definitions for a single pulse 4 6 One 
final comment The determination of the TOPLINE/BASELINE requires the use 
of some specified algorithm Typical algorithms are given in the IEEE/IEC 
document, 5 7 which includes a magnitude histograph method 

If a given pulse is duration-limited, it may be repeated to yield a sequence of 
pulses, i e , a PULSE TRAIN Each pulse in the sequence is said to be COH¬ 
ERENT if the functional time dependence over the pulse duration is the same 
in each pulse For example, consider a sequence of pulses in which each duration 
limited pulse is generated by a phase-locked (synchronized) combination of 
pulsed amplitude and phase modulation applied to, and phase locked with, a 
sinusoidal carrier, assume the AM modulation to be 100 percent The resulting 
individual pulses in the train (sequence) of pulses all have the same functional 
time dependence but occupy different time intervals, i e , the carrier oscillations 
vary in amplitude and frequency in exactly the same way In other words, if the 
pulses occur at an aperiodic rate, an oscilloscope operating with a signal-triggered 
time base would display each successive waveform (which triggers the time base) 
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Fig. 2-1. Parameters for describing a single pulse (refer to IEEE Standards 194 and 181 4,5 
or IEC Standards 469-1 and 2 6 - 7 ). 


as exactly overlapping with previous one, thereby producing a waveform display 
having an unchanging (stationary) shape or time dependence. 

On the other hand, a NONCOHERENT pulse would not provide a stationary 
time dependence in all of the waveform features. For example, consider a hy¬ 
pothetical case in which a sinusoidal carrier having a random time-varying phase 
angle (a time-jittering sinusoid) is 100-percent amplitude-modulated by a train 
of stationary pulses. With the oscilloscope time base being triggered by the 
amplitude-modulation signal, the resultant waveform could possess an almost 
stationary ENVELOPE, but inside the envelope the display could be incoherent 
and blurred into a possibly uniform intensity, depending upon the carrier fre¬ 
quency and the modulation pulse duration. 

The manner of occurrence for a pulse train must also be subject to definition. 
At one extreme is the SINGLE EVENT or single-shot case of a single pulse. If 
the pulse recurs, it is repetitive and does so in either a PERIODIC or APERIODIC 
manner. PERIODIC pulses recur with a fixed period of T seconds; APERIODIC 
pu ses recur in some nonperiodic manner, the intervals between pulses varying 
in either some deterministic way or in a stochastic manner. 
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2.3 BASIC TIME-DOMAIN MEASUREMENT SYSTEM 

As considered here, the basic time-domain measurement system is a transmission 
system suitable for measuring the output of pulse generators and the effects of 
transmission through an inserted element (see Fig 2-2) In the latter case, the 
before and after insertion waveforms can be related to the frequency-domain 
scattenng parameter, S 2 ,(s) Other arrangements of the depicted components 
plus others as necessary can be used to obtain reflection and/or transmission 
waveforms that can be related to a full set of network scattenng parameters (or 
other parameters) 9 For incoherent optical pulses, 10 11 the parameters would be 
intensity (lrradiance) parameters such as modulation transfer functions 121314 
In Fig 2-2, note that the time domain quantities on the input side of the time 
domain instrumentation are denoted as pulses, whereas that on the output side 
is denoted as the waveform Furthermore, at the actual point of a time-domain 
measurement, the signal channel input Pulse 2 differs from the generator output 
Pulse-1 as a result of passage through the cascade of connecting elements 
The interconnections shown are wave propagation paths, typically coaxial 50 
ohm transmission lines for guided electrical pulses and optical fibers for guided 
light pulses The system can also be implemented using unguided propagation 
paths, e g , time domain antenna/scattermg measurements 15 and laser pulse mea¬ 
surements 1517 Care must be exercised to insure that the overall measurement 
signal channel possesses an impulse response adequate for the measurement 
The signal channel [imitations include linear-system transmission/delay path dis¬ 
tortions, connector distortion/reflection, and the distortion caused by the network 



Fig 2 2 Basrc time domain measurement system 
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driving point/transfer properties of the time-domain instrumentation. Moreover, 
timing errors such as jitter and drift can change the shape of the instrumentation 
output wave form, thus further affecting the overall measurement system impulse 
response. 

The triggering circuits or the switch settings for S1 and S2 are dependent on 
the type of pulse generator and type of time-domain instrumentation system used. 
Typically, positions SI A and S2A would provide triggering circuitry for non- 
triggerable pulse generators; positions SIB and S2B, for triggerable pulse gen¬ 
erators; and positions SIB and S2C, for equivalent-time random-sampling mea¬ 
surements. Equivalent-time measurement systems require repetitive signals (not 
necessarily periodic), whereas real-time systems do not. 

Various methods are used to calibrate the time-domain instrumentation system 
signal channel and time base. Typical methods include known dc voltages and 
known amplitude, low-frequency square waves for the signal channel 18 and 
pulsed CW sources, 19 pulse-excited transmission-line structures, 20 and calibrated 
delay lines' for the time base. In optical systems, variable path lengths using 
pairs of turning prisms (roof prisms) with precision mechanical positioners" are 
used to provide a known delay-shift on an optical pulse. The amplitude calibration 
of an optical signal channel is accomplished using calorimetry, calibrated atten¬ 
uators, and calibrated photodiodes to establish the power response, because an 
optical pulse is detected or measured in terms of its power/cm 2 (irradiance). 2,16 - 17 


2.4 SOME INSTRUMENTATION METHODS 


There are two general classes of time-domain measurements: (1) real time, and 
(2) equivalent time. A real-time measurement acquires the signal data from a 
single occurrence of the signal, whereas an equivalent-time measurement requires 
a number of reoccurrences to acquire the signal data. Historically, a real-time 
measurement employed a conventional signal-deflection-structure oscilloscope 
of sufficient writing rate that it could photographically record a single-occurrence 
(shot) waveform corresponding to the applied pulse. On the other hand, an 
equivalent-time measurement employed a sampling oscilloscope that obtained a 
single sample from each successive repetition of the applied pulse, with each 
sample being taken at a different time relative to the start of the applied pulse. 
Consequently, the pulse-measurement process was carried out on an “equivalent¬ 
time” basis where the actual measurement times were, say, in milliseconds, 
corresponding to multiples of the pulse repetition rate, while the corresponding 
Physical pulse duration was, say, in nanoseconds. Thus, common usage relegated 
real-time measurements to conventional oscilloscopes and sampled data mea- 
urements to equivalent-time sampling oscilloscopes. Today, such is not the case 
an inspection of the headmgs^^Ies ,2-1 .,^ugh 2^4 shows. 


Table 2-t. 1978 State-of-the-Art Temporal Resolution Using Real-Time Methods. 

This Is a corrected version of the chart given in Reference 2 The "see text' citations refer to the text of Reference 2 All 
numbers in br ackets indicate references at end of chapter _________ 
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KEY 

IRRAD—IrradianCE* in watts/ro* (intensity) 

T WAVE CRT—Traveling wave cathode ray tube 
L—Linear, N—Nonlinear 


LRR—Low repetition rate (sampling gate) 
HRR—High repetition rate (sampling gate) 
SR—Signal replication 


MULT—Multiple 

AMP DISCR—Amplitude discriminators 


52 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


























PICOSECOND DOMAIN WAVEFORM MEASUREMENTS 53 


Table 2-2. 1978 State-of-the-Art Temporal Resolution Using 
Equivalent-Time Methods as Given in Reference 2. 
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KEY: 


1RRAD.—Irradiance (Intensity) 

MEAS.—Measurement 

AMPL. DISCR.—Amplitude Discriminator 


L—Linear; N—Nonlinear 
SEQUENT.—Sequential 
SAMPL.—Sampling 


There are two models for samplers (sampling devices), one being a product 
model, whereas the other is an integrated product model. The product device 
instantaneously forms the product of the high-repetition-rate periodic-sampling 
pulse train and a single-occurrence signal. The resultant sampled signal consists 
of a train of nearly identical pulses amplitude-modulated by the signal variations. 
In principle, if the signal is band-limited, then the sampling rate need only be 
equal to twice the highest frequency, or Nyquist Frequency, in the signal (see 
Fig. 2-3). 

The integrated product model is fundamentally the cross-correlation integral 

ec 

g( T) = J S(t - r)/(/) dt 


where s(f), ft), and g(-r) are the sampling pulse, the signal, and the resultant 
correlation function, respectively. 2 Such functions may be encountered in real- 
time and in equivalent-time measurements. 

Even though sampling and correlation methods have the same integral form, 
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Table 2-3. Present State-of-the-Art Temporal Resolution Using Real-Time Methods. Only Changes Since 
_ 1978 Are Cited Here. (See Table 2-1.) _ 
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Table 2-4. Present State-of-the-Art Temporal Resolution Using 
Equivalent-Time Methods. Only Changes Since 1978 Are Cited 
Here. (See Table 2-2.) 
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they are usually implemented by entirely different techniques To form the 
product of the two functions, the sampling method uses switching (or gating) 
operations, whereas the correlation method employs a mixing process in a non¬ 
linear element Electrical sampling includes gating, switching, and amplitude 
discrimination, whereas optical sampling includes shuttering, polarization switching, 
and beam deflection in space or waveguiding structures By using photocon¬ 
ducting processes in solids, electrical fields (voltages) and optical irradiances 
(intensities) may be sampled m the same device 2t 22 

Figures 2-4 and 2-5 show the ideal equivalent-time sampling systems se¬ 
quential and random Here the sampling is assumed to be ideal, that is, s(t) is 
an ideal impulse and the signal path distortionless In the sequential method, the 
signal is passed through a delay line to allow time for the sampling pulse to be 
generated, on successive signal occurrences, the delay generator shifts the sam¬ 
pling time m a known a prion way, usually uniformly The successive samples 
arc stored in the signal (vertical) channel memory No signal channel delay line 
may be required for tnggerable signal sources if satisfactory electronic delay is 
available 

In the random method, the time value of each sample is not known a priori 
but is determined by measuring the relative time position between the start of 
the signal and the sampling pulse, the value so determined is stored m the time- 
base memory (see Fig 2-5) Note that (1) the sampling pulse is not synchronized 
to the signal, (2) no signal delay line is thus required, and (3) non zero samples 
are obtained whenever the signal and sampling pulse occur simultaneously * In 
Fig 2-5, the time ramp could just as well be started by the signal and stopped 
by the sampling pulse 

If a means exists for implementing multiple sampling (see Fig 2-6) or pulse 
replication (sec Fig 2-7), it is then possible to apply equivalent-time sampling 
measurement methods to the measurement of a single occurrence pulse Effective 
signal branching or splitting is relatively easy to implement for optical signals 
but not for electrical signals where pulse distortion occurs as a result of parasitic 



,d 4 f at equivalent t.me sequential sampling The samples, m are taken ,n a » 

° rd , er 3S im f Cated by lhe nLJm bers at the points Note that f{t) Is a repetiti'. 
signal not necessarily periodic 
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Fig. 2-5. Ideal equivalent-time random sampling: The samples, f[n), are taken in a random 
order as indicated by the numbers at the points. Note that /(f) is a repetitive signal, not 
necessarily periodic, and is not synchronized to the sampling trigger, a(f). 


capacitances and the like at the branching points. Furthermore, small electrical 
transmission lines (coaxial, strip, etc.) are lossy. 

Real-time continuous (as contrasted to sampled) correlation measurements can 
also be made on single optical pulses using fluorescence and film or electronic 
recording (see Fig. 2-8). 


f(ti) fit N) 



Sampling Trigger Delay Line 



Sn 2 ' 6 ' ldeal real ‘ time sampling with multiple low-repetition-rate (equivalent-time) samnlprc- 
«* upper figure, rhe sampler, are feed-through units, and m is a SSS5ST 
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Fig 2-7 Real time sampling by signal replication and a low repetition rate (equivalent time) 
sampler The upper figure shows a passive system and the lower, an active one, 1(f) is a 
nonrecurrent pulse 


Sampling devices themselves fall into two categories (1) gates, and (2) am¬ 
plitude discriminators (see Fig 2-9) The former gates or transmits a relatively 
short duration slice (between two time values) of the signal The amplitude- 
discriminating device provides a small slice between two amplitude levels The 
resultant time resolution of either device is dependent upon the complete sampling 


CO 

g(r) = j h(t) i2(t-T)dt, t = x/v 

— Oa 



xi 


-*—Squareiaw Detection, 
Film or Electronic 


g(x) 

Streak Density 
Above Background 



Fig 2 8 Real time nonlinear correlation Both ?,<0 and I 2 (t) are nonrecurrent, optical earner 
pulses of the same wavelength As irradiances they are proportional to the square of the 
electromagnetic field quantities Second harmonic radiation proportional to the sum of the 
instantaneous powers Is produced as the pulses pass each other in the fluorescent medium 
yielding a streak of light 
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Fig. 2-9. The two types of sampling devices: (a) gate, and (b) amplitude discriminator. 


network’s inherent speed of response, which, in turn, determines the slice thick¬ 
ness. For the gate, the response can be visualized as an effective gating function, 
i.e., the result of all of the circuit elements and driving signals that make the 
sampler operate. Similarly, for the amplitude discriminator, the composite result 
can be envisioned as a switching or transition function representing the response 
of the discriminator from its rest state to the state where its action becomes 
autonomous, i.e., the state in which the input signal no longer affects the on¬ 
going switching action. Notice that in both cases the slice thickness can never 
be exactly zero, which also says that all sampling devices require a time interval 
greater than zero in which to respond. In turn, this says that all sampling devices 
provide a filtered or smoothed replica of the signal being sampled. 

Amplitude-discriminator pulse-sampling measurements can be implemented 
by two general approaches: (1) the sampling position (see Fig. 2-10) selected 
primarily by the time position of a sampling pulse relative to the signal, 1 and 
(2) the sampling position (see Fig. 2-11) determined by a specified amplitude 
level. 2 For both cases, effective sampling results when the signal amplitude is 
much less than that of an auxiliary pulse. 

In the first case, a (relatively) narrow sampling pulse is added to the signal, 
and the sum trips the amplitude discriminator; the sampling-pulse time position 
is shifted through the epoch of the signal and the amplitude-discrimination level 
for each position recorded. Comparing the discrimination levels with and without 
the signal present provides a waveform corresponding to the signal (pulse). 

In the second case, a ramp of sufficient amplitude is added to the signal to 
yield a monotonic (always increasing or decreasing) sum. The amplitude-dis¬ 
crimination level is scanned to obtain a waveform corresponding to the sum of 
the signal and the ramp. When the ramp level vs. time is known, the signal 
level vs. time can be determined. 
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Fig 2 10 An amplitude discriminator sampling method employing a sampling pulse, s 5 (f) 
whose nominal time position selects the sampling position The sum Si(f) + v(!) trips the 
amplitude discriminator 


2.5 STATE OF THE ART 

State of-the-art reports are in themselves time-domain data on the latest results 
in the development and application of techniques As such, they suffer from 
observer errors and are always behind the times because of the nonmfinitesimal 
time interval required to write, print, etc 
As was pointed out in the introduction, the state-of the-art charts consist of 
those from the 1978 review 2 and a present set containing only those entries that 
have changed since 1978 (at the time when the present work was written) Also, 
the present set is different from the 1982 set published in 1983 3 Furthermore, 
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Fig. 2-11. An amplitude-discriminator sampling method whose sampling position is deter¬ 
mined by the nominal discrimination level of the amplitude discriminator: The ramp, s 2 (f), 
possesses a large enough slope for the sum, s 2 (f) + v(t), to be monotonic, and thus the 
amplitude discriminator is driven by a single-valued function of time. 

those readers with a continuing interest in high speed time domain measurements 
should read the earlier reviews. 1-3 Make no mistake about it, what is written in 
Refs. 1 through 3 and the present review represent one person’s opinions and 
insights; they are not absolute and continue to evolve with time. Useful ideas 
however, can be found in the earlier work cited in Refs. 1 and 2. 

Furthermore, because there is no universal usage of some set of terms and 
definitions, all values for temporal resolution listed in the state-of-the-art tables 
are those stated by the cited investigator. It would be very difficult, if not 
impossible, for the author to reduce others’ results to a common definition. The 
term temporal resolution as used here (and in Ref. 2) is an all-inclusive one that 
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takes on the appropriate definition for the measurement under discussion, gen 
erally speaking, it relates to the steplike 10-to 90 percent transition duration 
(nse-time time)* or the impulse hkc response duration at the 50 percent response 
level, full duration at half maximum (FDHM), of the observed waveform pro¬ 
duced by the oscilloscope, streak-camera, or correlation-system Moreover, the 
terms linear and nonlinear, with respect to correlation measurements, are called 
first order and higher order, respectively 

From a mathematical point of view, linear and nonlinear correlation have 
integrands of the form/,(0/ 2 (f r) and/?(r)/2(f - t), respectively When/ t (f 
and/ 2 (/) are proportional to the electric or magnetic field, then/ 2 (0 and/ 2 (r) 
are proportional to their powers Optical detectors, streak cameras, etc , respond 
to die lrradiance (W/m 2 ), or square of the electromagnetic field quantities A 
general nonlinear correlation formula is given in Ref 2 
Before discussing the entries m the state-of-the-art charts, mention will be 
made of a state-of-the-art device that doesn’t appear m them but ts very important 
for certain electrical pulse measurements and should be mentioned It is the 
superconducting (coaxial) delay line 23 For some electrical pulse measurements, 
a fixed-signal delay is required, as indicated m Sec 2 4 and Figs 2-2 and 2-4 
As reported, such delay lines 24 can provide a nominal delay of 70 ns with a 
system step response transition duration of 18 ps 
In the following discussion, reference to a given entry in a state-of-the art 
chart will be given as the temporal resolution followed by a reference citation, 
e g , 8 ps 25 Where reference citations are given without a temporal resolution, 
the citation relates (I) to some improvement not associated with speed, and/or 
(2) to some similar work of slower speed 

Real-Time Measurements 

Referring to the real-time methods of the 1978 state of-the-art chart in Table 2- 
1, the listing under multiple sampling with multiple gates is a corrected version 
of that m tfw. 1978 review, 2 the correction being the addition of Ref 26 This 
system was listed under continuous oscillographic measurements in the 1978 
paper (Ref 42 in the 1978 paper) because, within the device, the signal contin¬ 
uously acts on an electron beam, hence, the fundamental device limitation is 
contained m a continuous process As a measurement instrument however, it 
provides a sampled data output In Ref 26, the real time sampling is accom¬ 
plished by deflecting a ribbon-electron beam across an apertured target that is 
m front of a semiconductor anay The portions of the beam passing through the 
apertures and sinking the semiconductor array provide the digitized samples 

•The terms irons,non duration and rise time are commonly used m the literature at the discretion 
ot the author, as is also mie of this book 
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The apertures are arranged so that the beam position is read out as a digital 
(Grey-coded) nine-bit number; the beam deflection is proportional to the time 
dependence of the signal being measured. For a 1-gigahertz signal-channel band¬ 
width, the system step response would consist of 512 samples over a 5-ns time 
window with a transition duration of about 350 ps. Some limitations of signal- 
channel bandwidth, sampling rate, and timing for real-time sampling are dis¬ 
cussed by Linnenbrink. 27 

Although traveling-wave cathode-ray tubes have undergone some refinements, 
Ref. 28 remains the state of the art: a step response transition duration of 50 ps 
with a sensitivity of 0.14 V/cm. Recent developments include a 50-ps, 5-V/cm 
unit and others of slower speeds and sensitivities in the range of 0.15 to 16 
V/cm. 29 

The speed of streak cameras for state-of-the-art optical-pulse measurements 
has remained mainly unchanged at about 0.5 ps. A new approach for a streak 
camera based upon interference patterns is reported in which an electro-optic 
crystal deflector is used. 30 Such crystal deflectors have also been used in other 
streak cameras that do not use interference phenomena. 31 - 32 Furthermore, a new 
method for triggering the electrical deflection circuits is described by Mourou 
and Knox. 33 Improvements to conventional streak tubes have been made. 34,35 
In the former case, 34 the improvements include increasing the stability of an SI 
photocathode. Such cathodes have been known to degrade, with a shelf life of 
only a year or so. In the latter case, 35 a tube designed for circular sweep operation 
coupled to a diode array is described. 

A multiple nonlinear autocorrelator for optical pulses has been built using an 
echelon and thin photoconductive detectors 36 ; in use, the experimental arrange¬ 
ment is the same as that for a two-photon fluorescence pulse autocorrelation 
experiment but differs in that the echelon/photoconductor assembly replaces the 
two-photon fluorescent medium. 


Equivalent-Time Measurements 

An equivalent time-sampling system has been developed for the measurement 
of subpicosecond electrical pulses and has produced an observed transition du¬ 
ration (10 to 90 percent) of about 500 fs with a voltage sensitivity of about 50 
microvolts. 37 - 38 This device uses a very short-duration periodic optical pulse to 
sample a periodic electrical pulse. The sampler is a traveling-wave Pockels cell 
whose electric field is proportional to the electrical pulse being measured. The 
ophca pulse duration is about 120 fs and is produced by a mode-locked colliding- 
Putse dye laser operating with a 100-MHz repetition rate. The electrical nulse 
served with the system was a step like pulse produced by a GaAs Cr-doped 
^conductive detector excited by a separate optical beam of the 120-fs pulse 
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Another equivalent-time sampling system that uses a very short-duration op 
deal pulse from a mode-locked dye laser to sample an electrical pulse employs 
radiation-damaged (short-lifetime) photoconductors as switching elements With 
identical photoconductors for electrical pulse generation and sampling, this sys 
tem has achieved a resolution of 3 6 ps 39 Also, photoconductive systems have 
been applied to measure the impulse response of a GaAs field-effect transistor 
having an unpackaged bandwidth to about 16 GHz 

Josephson-junction (JJ) amplitude discriminators have been employed in 
equivalent-time sampling systems yielding resolutions of 2 1 ps 43 and 8 5 ps 44 
for measuring on chip signals m superconducitng pulse IC’s Another system 
demonstrated a time-domain reflectometer for measuring the superconducting 
transmission-line elements employed in superconducting integrated circuits, with 
a resolution of 10 ps 45 The incident current step was produced by a JJ pulse 
generator, and all of the components were fabricated on a single substrate In 
these cases, 43 44 the amplitude-discriminator sampler was one m which a narrow 
pulse was added to the signal 46 Other such sampling circuits using JJ’s have 
been built 47 48 All of the measurements reported here 43-48 were applied to signals 
generated on chip in the cryogenic environment of 4 2 K 

Optical nonlinear (« = 2) autocorrelation measurements have been made that 
gave an autocorrelation waveform of 30 femtoseconds full duration at half max¬ 
imum (FDHM) 47 These measurements were done using a zero-background cor¬ 
relation measurement method 50 Cross-correlation measurements between pulses 
of the same wavelength have been made giving a cross-correlation waveform 
with 190 fs FDHM 31 

Optical nonlinear (n — 2) cross-correlation measurements between two op 
tical pulses of different wavelengths have also been made, yielding resolutions 
of 7 ps (1060 nm and 840 nm) H and 7 76 ps (597 5 nm and 630 nm), 53 re¬ 
spectively In the former, 1060-nm pumping pulses were cross-correlated with 
840 nm pulse emission from a bulk GaAs and a synchronously mode-locked 
bulk GaAs laser In the latter, the pulses were synchronously generated by a 
double mode-locked dye laser using Rhodamme 6G and cresyl violet dyes as 
the simultaneous lasing mediums For completely mode-locked pulses, the cross- 
correlation waveform had a value of 7 76 ps FDHM These measurements 52 53 
were made using the zero-background correlation method described by Ippen 
and Shank , however, in this case, the correlation optical ray was phase-matched 
m the crystal at the sum frequency of the two laser frequencies 

2.6 REMARKS AND FUTURE DIRECTIONS 

The mam objective of this chapter has been to summarize the present-day ca 
pa i ity in picosecond-domain waveform measurements In doing so, electrical 
and optical pulse measurement methods have been drawn together in the same 
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manner as in the 1978 review 2 in order to exhibit the commonality between 
electrical and optical methods and to encourage the exchange of ideas between 
electrical and optical researchers. The importance of bringing together electrical 
and optical picosecond-domain measurements has been emphasized by the se¬ 
lection, translation, and subsequent publication of the 1978 review in Japanese. 54 

In the author’s view, there are three areas in present-day activities that provide 
precursors to future developments. 

First, there is electron device research that is leading to faster or more versatile 
devices. The superconducting devices referred to in Table 2-4' 13 48 will be im¬ 
proved, and additional elements such as A/D converters, memories, etc., will 
become available. 55,56 Another interesting class of devices is the proposed bal¬ 
listic electron semiconductor devices 57-60 that are envisioned to possess sub- 
micron geometries in which electron velocities will be larger and responses faster. 
The realization of submicron geometries is central to the development of faster 
devices 61 ; in particular, 2-ps switching delays are projected for the permeable- 
base transistor. 62 Photoconductive detectors 62-66 and metal tunnel-barrier 
photodetectors 67 are other devices that are projected to be faster as a result of 
submicron techniques. Furthermore, submicron techniques among others will 
probably be applied to speed up charge-coupled devices such as those used in 
real-time sampling. 68,69 Finally, electron-beam techniques may be used to eval¬ 
uate submicron devices by making direct measurements on the devices them¬ 
selves; such a measurement method has been used to study the transient currents 
in a semiconductor deivce. 70 

Second, there is the application of optical pulse technology to electrical pulse 
measurements. In addition to those optically driven electrical devices already 
cited, 37 - 38 - 40 - 42 there are the electronic correlation, 71 the microwave pulse gen¬ 
erator, 72 and the high-speed switch. 73 More ways will evolve to use optical 
devices in electrical pulse measurements. 

Third, there is optical pulse gating that falls into two categories: optically 
driven 74 and electrically driven. 75,76 Such methods will lead to improved and 
more versatile optical pulse measurement systems. 

In summary, these three activities will strongly stimulate and directly con¬ 
tribute to the further development of waveform measurements into the fractional 
picosecond (femtosecond) domain. As shown in Table 2-4, present state-of-the- 
art equivalent-time measurements have reached well into the femtosecond range 
(30 fs). 49 The frontiers of femtosecond domain research are rapidly moving 
toward measurement of dye laser pulse durations of less than 10 fs. 137 
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3 0 INTRODUCTION 

The term time domain technology is used to refer to methods of performing 
measurements and solving analysis and design problems while dealing with 
physical quantities in their time dependent form An alternative to this term 
would be transient techniques or methods The latter anses from the fact that 
time domain or transient methods are used in most cases only when dealing with 
nonsteady state cases to resolve problems in the transition durations between 
two steady states 

This chapter aims at emphasizing the advantages of introducing the subject 
of time domain measurement techniques to an electrical engineering education 
and demonstrates how electrical engineering students should expect to benefit 
from it For those of us who have been long involved in using time domain (TD) 
techniques their advantages seem to be self evident This is particularly the case 
when it is realized that the time domain is the real physical domain where 
problems originate and where the desired solutions should eventually be found 
The conveniences offered by the frequency domain (FD) techniques that have 
been used over the past decades for dealing with electrical engineering problems 
have made these techniques the dominant mode of operation and caused time 
domain techniques not only to be secondary but sometimes also forgotten 

The case of time domain versus frequency domain techniques should not be 
surprising if we realize the nature of how the human mind operates When one 
is faced with a difficult problem there is a tendency to escape the real world to 
an imaginary one a dream world if you wish In this imaginary world an 
attempt is made to resolve a transformed image of the difficulty If the image 
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is resolved, a return to the real world and an attempt to implement the obtained 
solution may follow. The process of transforming the real-world problem to the 
imaginary world as well as the process of implementing the imaginary world 
solution in the real world (transforming it back) is very important and decides 
the degree of success of the entire operation. 

In this light, the frequency domain is that imaginary, hypothetical domain 
that we have invented to escape from the complexity of solving electrical en¬ 
gineering problems in the time domain, i.e., in the real world. It is the Fourier 
transformation that has made that possible to happen. 

There is no doubt that solving problems entirely in the real world (the time 
domain) requires a high level of mathematical abilities. A definite advantage of 
such solutions is that one keeps in touch with physical quantities and phenomena 
during the solution process and thus has an improved conceptual understanding 
of problem detail. This fact does not lower the value of the transformation 
approach (the frequency domain) by any means. The transformation approach 
is an indispensable one, especially for those problems that cannot be solved 
entirely in the real world. Even for some of the problems that can be, some of 
the tools used in the solution process are more naturally applicable to the trans¬ 
formation approach. 

Conventionally, there exist three alternatives for attempting a solution of 
electrical engineering problems, as follow: 

1. Working the solution formulation entirely in the time domain: In this method, 
the problem equations are formulated in the time domain. These equations 
may include nonlinearities and involve differential equations and/or integral 
equations. Solutions of these equations are attempted entirely in the time- 
domain with no transformations. 

2. Working the solution formulation “almost entirely" in the frequency do¬ 
main: In this method, the problem equations are formulated in the frequency 
domain (the conventional frequency, Laplace, or z domains), and the prob¬ 
lem statement must be transformed to the frequency domain at the outset. 
The obtained equations are then solved in the transformation domain, and, 
finally, the achieved solution is transformed back to the time domain. 

3. Working the solution formulation partially in both domains: In this method, 
the problem equations are formulated in the time domain. The equations 
are then transformed to the frequency domain, where a solution is achieved. 
The obtained solution is then transformed back to the time domain. 

It is relevant to remind the reader here that methods (2) and (3) are not well- 

suited for nonlinear or time-varying systems. For such systems, method (1) must 
generally be used. K > UM 
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To demonstrate the basic conceptual differences between these alternatives of 
problem solving, we will consider the case of deriving the impulse response, 
h{t.) of the RC network shown m Fig 3-1 This problem will be solved using 
each of the three conventional approaches—(1), (2), and (3) 

Solution using approach (1)—entirely In the time domain 

The desired h(t) is the network’s output when its input is a Dirac-delta function 
5(f) Thus, the network equations in the time domain are as follows 

v,n(0 = 8(0 (3-1) 

v out (0 = MO (3-2) 

Writing the Kirchhoff s voltage law around the loop, we obtain 

= Ri{t) + v ou ,(0 (3 3) 

where 

KD = c(|) vUD (3-4) 

Combining all four equations, defining the time constant t = RC, and re 
arranging, we obtain 

(I) * (,> + (35) 

To solve this first-order linear differential equation, we define a function g(f) 
such that 

[(£) H / 810 “ T 061 


R 



Rg 3 t RC network whose impose response is sought 
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This enables us to rewrite Eq. 3-5 in the form 


ho + 


£) g(0 j 8(0 HO = 0 5(0 (3-7) 


i 7t ho 


. + [(I) * (,) ] i,w ■ (0 


/*(/) = I-J 8(0 g(0 (3-8) 


8(0 h(0 = Q 8(r) g(0 


Integrating Eq. 3-9, we can obtain the desired solution, as follows: 


HO = f 5(0g(0 dt 
Tg( 0 J 


Using Eq. 3-7, the time function g(t) is found to be 


In g( 0 




g(0 = exp 


Combining Eqs. 3-10 and 3-11, we obtain the final form for h(t) as follows 

h(t) - (;) i/ exp 0)] « ( o 


;) “Kt) 


(3-12) 
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Solution using approach ( 2 )—“almost entirely” in the frequency 
domain 

To obtain the impulse response, we first find the network’s transfer function in 
the frequency domain (or more conveniently in the Laplace domain) and then 
perform an inverse transformation to obtain the desired h{t ) As discussed earlier, 
the problem statement needs to be presented m the frequency domain at the very 
beginning We do so in Fig 3-2 by redrawing the Laplace domain representation 
of the network (Note that zero initial capacitor voltage is assumed in this Laplace 
transformation ) 

The transfer function, H(s), is defined as the ratio between the output and 
the input voltage transforms as follows 


H{s) = V oul {s)lV,„{s) 

= (l/sC)/[R + (1 isC)] 



and the impulse response, h(t), can then be obtained by applying the inverse 
Laplace transform to H(s), as follows 


A(0 = L' 1 (//(*)] 



(3-14) 


Solution using approach (3)—partially in both domains 

In this case, vve first derive the network’s time-domain equations leading to 
differential Eq 3-5, a step similar to that of approach (1) To solve the differential 
etjualwOT, hc then transform rf (o (fie Laplace domain as follows 


sH(s) ~ h (0 ) + 



(3-15) 


R 

o---VW— 

VJs) Ms! 


o- 



<—o 

—o 


Fig 3 2 Laplace domain represeniation of the 
voltage is assumed in this transformation) 


network in Frg 3 1 (zero initial capacitor 
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Substituting h(0') = 0 for zero initial condition and rearranging, we get 


H(s) = 



(3-16) 


and the inverse Laplace transform yields the desired impulse response: 
h(t) = exp 

Examining these three solutions, it appears that the frequency-domain approach 
(2) is the shortest, and the time-domain approach (1), the longest. This may be 
true in general, but the fact of the matter is that one has to be familiar with 
transformation theorems and techniques to be able to do the fewer steps shown 
in approach (2). This requires a certain degree of training that electrical engi¬ 
neering students typically acquire in their networks courses. 

The attractiveness of the frequency-domain technique lies in its having fewer 
steps as well being free of complicated operations such as integrations or dif¬ 
ferential equations. Such advantages make the study of transformation theorems 
and techniques a worthwhile one. The main drawback of using the transformation 
approach however, is its failure to provide physical insights during the various 
solution steps. In particular, consider the fact that after the first few courses in 
networks, students being trained in the transformation approach are seldom 
requested to present final solutions to problems in the time-domain. Conse¬ 
quently, students forget how to do inverse transformations to the time domain 
and lose physical insight of the problem completely. In some applications, this 
situation may be tolerated, but, in general, it is definitely a dangerous attitude 
to ignore returning to the real world, i.e., the time domain. 

Keeping in touch with what physically happens within a network or system 
components at all times is the main advantage of performing solutions entirely 
in the time domain. The principal drawback lies in the mathematical compli¬ 
cations that may arise in the solution process. 

In the following section, we will proceed with this discussion of the relative 
advantages of time-domain measurements over their counterparts in the fre¬ 
quency-domain. 


«(0 (3-17) 


3.1 TIME-DOMAIN MEASUREMENTS 

As just discussed, current electrical engineering curricula emphasize how to deal 
with electrical engineering analysis, design, and measurement problems using 
irequency-domain techniques. Accordingly, students develop a certain decree 
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of expertise in working with frequency-domain quantities, such as impedance, 
transfer function, phase, and propagation constant In accordance with these 
studies, laboratory courses are designed to train students in the various kinds of 
frequency-domain measurement techniques Most laboratory experiments are 
designed to use a harmonic generator and a real-time oscilloscope By observing 
the amplitudes and relative phases of the sinusoidal waveforms, complex fre¬ 
quency-domain quantities such as impedance, gam, and bandwidth can be de¬ 
termined The main reason for using such simple equipment is that most fre 
quency-domam measurement equipment is costly and requires a high level of 
expertise for proper use and operation 

Performing measurements at a single frequency permits frequency-domain 
quantities to be determined only for that particular frequency (assuming a linear, 
time-mvanant system) To study the frequency-domain dependence of the mea¬ 
sured parameters, the generator frequency must be swept over the band of interest 
At each frequency, the amplitudes and phases of the various waveforms must 
be recorded 

It is important to realize that it may not be convenient to determine some 
physical quantities with frequency-domain measurements, in particular when a 
system’s excitation is not a simple harmonic one Examples of such quantities 
include the maximum amplitude of a system’s response waveform, the speed of 
the response, and its duration Such quantities can be conveniently measured 
only with time-domain measurements and may not require any equipment other 
than a function generator and an oscilloscope 

To demonstrate some of these concepts, let us consider the case of measuring 
the impulse response/transfer function of a linear time-invanant system, e g , 
the RC network of Fig 3-1 The block-diagram representation for the system’s 
excitation and response signals can take the form given in Fig 3-3, in which 
both the time and frequency-domain representations are presented The notations 
x and y are used instead of v,„ and v ou , for the sake of convenience 

The systems jespo-v.se, y[i), is related to bot'n its excitation, x(f), and its 
impulse response, h{t), by the convolution integral. 


+ oc 



x(t - 8)A(8)d8 


(3-18a) 


x(t) 

httt 

vlt) 

X(jU) 

HIM 

Y(icj) 


% 3 3 Representation for a general network 
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or 

}’(/) = x(t) * h(t) (3-18b) 

where denotes the convolution operation. In the frequency-domain repre¬ 
sentation, the corresponding relation is given by the Fourier transformation of 
Eq. (3-18), or 

rc/w) = xo) • #O) ( 3 - 19 ) 


Time-Domain Measurement of h{t) 

According to Eq. 3-18, if the system is excited by a Dirac delta function, then 
the system yields h{t) as its response, or 

x d {t) = 8(0 (3-20a) 


and 


)'d(0 ~ 8(r) * h(t) (3-20b) 

= HO 

Also, for a step excitation, the system yields its step response as follows: 

x,{t) = u(0 (3-2 la) 

y s (t) = «(r) * h(t) 

oc 

= f Ht) dt (3-2lb) 

cc 

in which case 

HO = ( dldt)y s {t) (3-2 lc) 

An experimental setup based on these concepts would consist of a pulse 
generator and a waveform recorder (simply, an oscilloscope). The purpose of 
•he generator is to generate the excitation pulse (delta or step), which has to be 
as tast as possible to simulate the ideal. The waveform recorder detects the 
response waveform. 
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If hich accuracy is needed in these measurements, deconvolution must be 
applied to remove the effect of the nonideal excitation waveform, x(t), from the 
detected response, y(r) The deconvolution operation and its limitations will be 
discussed in a separate section of this chapter However, if x(t) is much faster 
than /i(f) (its spectral content covers a much wider bandwidth), then fairly 
adequate measurement accuracy can be obtained without deconvolution 


Frequency-Domain Measurement of Hfow) 

According to Eq 3-19, the system’s transfer function, H(ja), can be determined 
as the complex ratio of the response and excitation frequency-domain transforms 
If the linear system’s excitation waveform is a simple harmonic one, its response 
waveform will be a simple harmonic one as well Consequently, the frequency 
domain transforms of both the excitation and response waveforms take the forms 
of delta functions and are completely characterized by the amplitudes and phases 
of the harmonic waveforms At the excitation frequency, die magnitude of the 
transfer function is equal to the ratio of waveform amplitudes, and Us phase is 
equal to the difference between the waveform phases Performing this measure 
ment is fairly straightforward The mam problem lies in the fact that one obtains 
only one frequency' data point at a time and that to cover a frequency band, the 
excitation frequency has to sweep this band 
Using a simple harmonic generator with variable frequency (sweep generator) 
and a display oscilloscope, one can perform the transfer function measurement 
of interest The measurement can be conveniently performed using a dedicated 
network analyzer, however This is an instrument with sweep frequency capa 
bility that measures and computes the complex ratio and finally displays the 
results versus frequency 


Discussion 

In comparing the two methods here discussed, we should realize that the 
two quantities of interest—the impulse response and the transfer function— 
axe not only equivalent but ideally related to each other by the Founer trans 
form pair, 


«(/«) = f 


h(t) exp(-jwr) dt 


(3 22a) 


and 
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P 3 

h(t) - (1/2 tt) J H(ju) expC/tor) da 


(3-22b) 


As the transformation equations indicate, information covering the entire time 
duration from - oo to + “ is needed to compute any frequency-domain component 
in the transformation. Likewise, all frequency-domain components covering the 
frequency band from —“to +“ are needed to determine any time-domain value 
of the corresponding waveform. Neither of these two requirements can be sat¬ 
isfied in experimental measurements, and, consequently, only approximate trans¬ 
formations are possible. Moreover, to perform transformations, experimental 
data need to be acquired, digitized, and supplied to a processor to execute the 
necessary computations. Because of these processes, further errors accumulate 
in the computed transforms. 

In light of these considerations, it is preferable, if at all possible, to avoid 
performing domain transformation in measurement procedures, particularly when 
using unsophisticated (or low-precision) equipment. Consequently, it is better 
to use time-domain techniques for measuring time-domain quantities and fre¬ 
quency-domain techniques for measuring frequency-domain quantities. In cases 
where errors are not excessive, a single-domain measurement can adequately 
determine quantities in both domains. Some preference may be given to one 
domain or the other depending on the nature of the system in use, its typical 
excitation, and the quantities to be determined. In this regard, some approximate 
formulae are available to determine quantities in one domain in terms of those 
measured in the other domain. Some of these formulae will be discussed in the 
following section. 

3.2 EQUIVALENCE BETWEEN TIME- AND 
FREQUENCY-DOMAIN QUANTITIES 

It should have become evident by now from these discussions that time-domain 
techniques in general and time-domain measurements in particular form a very 
essential part of any electrical engineering study and should be given proper 
attention when designing electrical engineering curricula. 

This section will demonstrate how to integrate time-domain techniques and 
measurements into current electrical engineering curricula. It is proposed that 
the physical correspondences between time- and frequency-domain quantities be 
used to serve this purpose, a method that should be effective since it introduces 
ime-domain concepts by relating them to the familiar frequency-domain ones, 
emonstrating these correspondences should have a great impact on the student’s 
physical insight into the subject. 
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Correspondences Between Time- and 
Frequency-Domain Quantities 

We will now present three demonstrations of how various correspondences be 
tween time and frequency domain phenomena can be used to integrate time 
domain techniques and concepts into electrical engineering curricula 

Correspondence Between Bandwidth and Dispersion. Consider the 
case of measuring the transfer characteristics of a small-signal, low frequency 
(audio) amplifier Using the frequency-domain techniques discussed m Sec 3 1, 
the magnitude of the amplifier’s transfer function can be measured Figure 3-4 
displays a typical response 

The physical insight gained in performing this frequency domain measurement 
lies m observing how the amplifier behaves at various frequencies—the low , 
nud , and high-frequency bands—and m seeing how the various amplifier net 
work elements affect the amplifier’s performance parameters, such as the mid 
band gam, A the low frequency cutoff, f L , and the high-frequency cutoff, fn 
Such parameters are important to characterize the amplifier’s performance and 
appear directly in the frequency-domain measurement results These parameters 
can also be determined using time-domain techniques If the amplifier is excited 
using a step waveform, a response w(t) similar to that of Fig 3-5 is obtained 

Tiie amplitude of the response, W m „, is equal to the midband gam, the cutoff 
frequencies can be determined from the transition duration, t a , and the sag slope 
is established using the approximate formulae, 1 

Sh ~ k = 0 35/t„ (3 23) 

Sag slope = - 2 ttA f L (3-24) 

It is clear that either a time-domain or frequency-domain measurement can 
be used to determine the network’s midband gain and cutoff frequencies Since 
they are frequency domain quantities, however, they are more directly obtained 
from a frequency domain measurement On the other hand, the use of time 
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Fig. 3-5. Step response of the band-pass amplifier of Fig. 3-4. 

domain techniques saves on experimental steps since only one measurement is 
needed, whereas several measurements are needed to sweep an adequate fre¬ 
quency range in the frequency-domain. Another advantage of using the time 
domain for this problem is that the amplifier’s effect on waveform dispersion 
becomes more physically evident to the viewer. 

It is important to note here that the experimental setup used to perform a 
measurement can be the same for both domains if a waveform generator capable 
of producing both harmonic and pulse waveforms is used. Such a setup allows 
for more experimentation with the amplifier response. The student can test the 
amplifier’s response to a variety of waveforms at various repetition rates, in 
addition to the harmonic and step excitations already mentioned. 

Moreover, if the generator chosen is capable of changing the transition duration 
of the generated step, the need for deconvolution in time-domain measurement 
can be demonstrated. If the generated step has a fixed transition duration, how¬ 
ever, the same need can be demonstrated by applying an externally connected 
filter to slow its transition down. In both cases, the exact deconvolution of 
waveforms will not be possible using the simple equipment designated here. 
Instead, approximate formulae relating the various signal bandwidths or transition 
durations should be used.’ If the slow excitation waveform is labeled x(t), the 
amplifier’s response, y(r), will be given by the convolution in Eq. 3-18. If the 
corresponding transition durations and bandwidths are labeled t t , r y , BW X , and 
SWy, respectively, then one can use the following approximate relations to 
estimate the amplifier’s transition duration, t,„ and bandwidth, BW fc : 

Tv 2 = Tv 2 + T h 2 (3.25) 

BW y ~ 2 = BW X ~ 2 + BW h ~ 2 ( 3 _26) 


Correspondence Between Phase and Time Delay. Consider the mea- 

cment semp of Flg 3 _ 3? and let a time de i ay , ^ occur tQ either v(?) Qr h{j) 

> introducing a delaying network (simply, a delay line) between the pulse 
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generator, x(U and the system If the delay is considerd as part of the pulse 
generator, the network’s excitation can be written as x(,t - T d ), and the system’s 
impulse response is still h{t) On t' ie other hand, if the delay is considered as 
part of the network, the exciting signal is x(t), and the new system's impulse 
response becomes the convolution of those of the delayng network, £>(/ — T d ), 
and of the old system’s response, ft(t), thus becoming 8(r - T ri ) * h(t), or 
h(t - T d ) In either case, the response of the new setup takes the form 

x(t - T d ) * h(t)= x(t) * h{t - T d ) = y(t - T d ) (3 27) 

which is the same as the response of the old setup except for the delay T d In a 
frequency domain representation, the response takes the form, 

XOw) exp OwT„) exp (jmT d ) (3 28) 

which has exactly the same magnitude function as Y(jco), the response of the 
old system The only difference between the two responses is the additional 
linear phase component (frequency function), wT d 

This demonstration clarifies the correspondence between the phase in the 
frequency domain and the delay in the time domain It also demonstrates how 
time domain measurements can directly reveal tune delays, and hence phase 
changes 

To introduce a bit of sophistication into this demonstration, we will discuss 
dispersion as a time-delay phenomenon It is known that dispetsion in trans 
mission networks is accounted for by the nonumform delays that occur m the 
various modes of propagation In other words, dispersion is associated with 
nonlinear phase changes (versus frequency) It is also known that, for minimum 
phase networks, a relationship exists between this phase nonlmearity and band 
width limitation 2 Consequently, one can see the correspondence between dts 
persion and bandwidth limitation in terms of that between phase and delay 

In the light of this discussion, we return to the case of the RC network, where 
the slow accumulation of charges on the capacitor results in nonuniform delays 
of the output voltage components These delays form the slow nse of the voltage 
waveform and hence produce dispersion The explanation of such events in the 
frequency domain is based on the correspondence between the nonumform delay 
and nonlinear phase component, which results in bandwidth limitations and 
consequently exhibits the correspondence between bandwidth limitations and 
dispersion 

Correspondence Between Resonances and Multiple Reflections 
(Standing Waves). Consider the case of the transmission network shown w 
Fig 3 6 This network is composed of a lossless transmission section with two 
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Fig, 3-6. Transmission network to illustrate the correspondence between resonances and 
multiple reflections. 

resistive discontinuities, R\ and R 2 , separated by a distance, d. Let the section’s 
characteristic impedance be R 0 and its phase propagation constant (3. The section 
is then excited by a voltage pulse through a time-domain reflectometer (TDR). 
Without any significant loss of generality, let the voltage of the TDR generator 
he a Dirac-delta function of time with an intensity of 2, i.e., 2 8(r). 

In Fig. 3-6, the local reflection coefficients p t and p 2 are given by 

P, = (RM 0 -RoViRjIRo + Ro) 

= - Rol{2R, + R 0 ) (3-29) 

p 2 = (R 2 - R 0 )I(R 2 + R 0 ) (3-30) 

Using the space-time (bounce) diagram, 3 it can be shown that the TDR detected 
voltage, v TDR (r), has the form, 

v tdr(0 = (1 + Pi) 2 8(r) + p 2 (1 + pi) 3 8(f — 2 T) 

+ p,p 2 2 (1 + Pl ) 3 8(t - 4 D 

+ Pi 2 P 2 3 (1 + Pi) 3 8(t -6T) + . . . (3-31) 

where T is the one-way travel time of the distance d, which can be expressed 
in tenTls of the speed of propagation c as follows: 

T = dlc (3-32) 

Equation 3-31 shows the detected TDR voltage as a sequence of delta functions 
(responding to the multiple reflections between the line discontinuities If the 
station were not a delta function, the TDR voltage would still take the sequence 






86 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


form except that it would be a sequence of the same waveform as that of the 
excitation and weighted in the same manner as given in Eq 3-31 
Using frequency-domain techniques to express the TDR voltage* the result 
will be the Fourier transformation of Eq 3-31 Denoting the Fourier represen¬ 
tation of v TOR (r) by VtdrO<u)> we S et 

(3 33)VtdrO") = (1 + p,) 2 + P 2 (t + Pi) 3 exp(j2pr/) 

4- pip 2 2 ( 1 + Pi) 3 exp(/40rf) 

+ pi 2 P 2 3 (1 + Pi) 3 expO60£f) + (3-33) 

which contains a summable geometric senes that yields 

VtdrOu) = (I + Pi) 2 {1 + P 2 exp (j2fid)}/{l — p, p 2 exp(y20cO} (3 34) 


This frequency-domain form has a penodic structure The peaks occur when 
exp(/20d) is a positive real quantity and the valleys when it is a negative real 
quantity, that is, peaks occur at 2(W = 2nir, or 

fn p = (2«)c/(4d) (3 35a) 

and valleys occur at 20d = (2n + 1 )tt, or 

/„v = (2 n + \)ci(4d) (3 35b) 

where rt is an integer and f n? and f nv are the frequency coordinates of the peaks 
and valleys, respectively 

The multiple peaks of the frequency-domain form m Eq 3-34 correspond to 
multiple resonances m the network under consideration The fundamental res 
onance frequency is the frequency of the first peak, or 

/i P = c!(2d) = 1/(27-) (3-36) 

and all the higher frequency resonances occur at the harmonics of this funda¬ 
mental 

As revealed by Eq 3-36, the frequency of the fundamental resonance, as well 
as that of the other resonances, is related to IT, the two-way travel time around 
the transmission section According to Eq 3-31, 2 T is also the time interval 
between two consecutive delta functions m the time-domam waveform 
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This demonstration clearly shows the correspondence between the multiple 
reflections in the transmission network and the observed resonances of the net¬ 
work. With a bit of imagination, this correspondence can be discussed for non- 
transmission networks as well. Considering the simple LC resonant network, 
one can view the energy exchange between the inductor and capacitor as a form 
of multiple reflections, with the time interval of the two-way transfer as 2 T. 

The demonstrations given here are but a few of the many that can be used to 
help electrical engineering students relate to time-domain techniques and con¬ 
cepts. Laboratory courses can benefit from them by designing experiments to 
introduce time-domain techniques and comparing results obtained from these 
techniques with frequency-domain measurements. 

The important thing to keep in mind is that measurement precision may be 
sacrificed if one tries to avoid performing Fourier transformations in general and 
deconvolution in particular. In addition to requiring acquisition and signal-pro¬ 
cessing capabilities, such operations are not as simple and as straightforward as 
their analytical forms might seem to indicate. In the following section, we will 
discuss the deconvolution operation in order to reveal a problem associated with 
its practical applications, a problem that handicapped time-domain measurements 
for a long time. 


3.3. TIME-DOMAIN TECHNIQUE’S MAIN HANDICAP- 
DECONVOLUTION 

This section provides a tutorial review of the deconvolution problem. It reviews 
the definitions of convolution and deconvolution and discusses both the time- 
domain and frequency-domain methods of performing the latter. It also identifies 
the true nature of the practical deconvolution problem as an approximation or 
estimation problem, and it discusses the concepts of achieving an “acceptable” 
solution. Deconvolution is also discussed in Chaps. 12 and 13. 


Definition of Deconvolution 

Unlike most operations, deconvolution has no direct mathematical definition. It 
>s defined merely as the inverse of the convolution operation. Consequently 
convolution must first be reviewed before discussing deconvolution. 

In reference to Fig. 3-3, if an input signal, x(t), is applied to excite a linear 
me-mvanant system with an impulse response, h(t), the system’s response’ 
- U, due to the imposed excitation is given by the convolution 4 defined in Fa’ 
‘to, restated here for convenience, 4 
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y(t) = J x(t - 0) • h(Q)dQ (3-18a) 


or 


y(t) - x(t) * h(t) (3-18b) 

with the corresponding frequency-domain form given by Eq 3-19, 

r(yco) = X(jw) (3-19) 

As the inverse process of the convolution operation, deconvolution involves 
the determination of either *(/) or h(t), assuming prior knowledge of the other 
two time functions Without any loss of generality, only the deconvolution for 
determining h(t) will be referred to henceforth 
Ideally, with the exact and complete knowledge of jc(r) andy(r), deconvolution 
can be performed to compute h(t) exactly The computation can be performed 
in either the time- or the frequency-domains In the frequency-domain method, 
the first step is to use the Fourier transformation to compute frequency-domam 
forms X{jw) and Y (jw) Next, Eq 3-19 is used to compute H(jio), to which 
the inverse Fourier transform can be applied to yield h{i) In the time-domain 
methods, the first step is to form a set of linear simultaneous equations by using 
the discrete sequence representations of time functions x(f), y(t), and H(t) in 
the integral of Eq 3-18 This set of equations is then solved to yield the time 
sequence of h(t) 5 6 Such a solution is typically achieved by using either matnx- 
mversion or difference-equation techniques 
In the case of ideal or analytical deconvolution such as that just considered, 
the procedure for performing the deconvolution operation has been shown to be 
fairly straightforward In a fashion analogous to numerical differentiation, how¬ 
ever, the practical implementation is troublesome It will now be shown that the 
deconvolution operation is very sensitive to data errors Any small error m the 
processed data multiplies significantly and will be exaggerated in the final result 
The latter can be accurate only if the processed data exhibit absolute accuracy 


Practical Deconvolution 

In practical measurements, exact knowledge of the time signals is not possible 
As a result of bandwidth limitation of the time-signal detector and the digitization 
and acquisition processes, the acquired waveform differs to a certain extent from 
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the true time signal. Denoting the acquired waveforms by MO and yjt), the Y 
can be related to their corresponding true time signals x(t) and y(t), respectively, 
as follows: 


MO = xit) + MO (3-37a) 

and 

MO = y(t) + MO (3-37b) 

where Mr) and y e (t) are unknown error components (time functions). Using Eq. 
3-37, the convolution of Eq. 3-18b takes the form, 

[MO - y e (t)] = Ht) * [MO - MO] (3-38) 

and the corresponding frequency domain form is 

lYJju) - Y,(M)} = H(M) ■ IM(M) - X C (M)] (3-39) 

Since the error quantities, MO and MO [or their transforms, X e (J(x>) and 
YAM are not known, it is not possible to solve Eqs. 3-38 or 3-39 to obtain 
an exact solution for h{t) [or H(jw)]. Instead, these equations can yield exact 
solutions for MO and H H (ju>), which are defined as follows: 

MO = MO * MO (3-40) 

Y n .(M) = H,AM) • XJM) (3-41) 

where h n (t) is the inverse Fourier transform or HJjat). Consequently, using 
Eqs. 3-39 and 3-41, H w (ju>) can be written as 

H w {j w) = H (M) + H e (M) (3-42a) 

where 


H e (M) ~ [Y e (M) - H (M)- X e (M)(M)]/X w (M) (3-42b) 

Assuming that error components h e (t) and H e (M) are small, the solutions 

™ nr , W may provide acce P table approximations to the desired hit) 
ana H(;w), respectively, or v ’ 
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*(/) “ hM) (3-43a) 

and 

HO co) - H„ 0<d) (343b) 

On the other hand, significant errors may be encountered in this approximation 
because of the neglected error components, a situation that can be explained by 
examining the nature of the approximation in Eq 3-43 From Eqs 3 19, 3-39, 
341, and 343, the frequency-domain form of this approximation can be written 
as 


H Ow) = 


y o<«>) 

X(jio) 


YJj <o) ~ YAM 

XJjw) - X e {jw) 


Ywijw) 

X w (jio) 


- HJjo) 


(344) 


In practical situations, x(/) is a band-limited signal, l e , X(ja )) has a finite 
bandwidth, and, consequently, there exists a region (or regions) of frequencies 
for which X{jbi) is fairly small and may even be zero In these regions, the 
approximation, X(j&) ~ XJj<ii), is not only not a good one, it can be orders 
of magnitudes off In the same regions, Y(jb>) is expected to be small, too, and, 
consequently, the approximation Y(j&) ~ Y w (j<o) is not a good one either As 


a result, the computed ratio, Y w {j<X)/X w (j(ii) = //.„(./to), can be expected to differ 
greatly from the correct ratio, Y(ju)/X(ju) = H(ja) In fact, the deconvolution 
result will contain some fairly high values (some may be infinite) 7 10 

These high values can be viewed as a sequence of spikes or S(/o>) functions 
Upon the application of the inverse Fourier transformation to in order 

to compute its time-domain form, h w {t), the 6(jo>) error spikes that were con 
centrated in the frequency regions of small X(j(X) produce error contributions 
that are spread over the entire time-domain transform epoch (or most of it) And 
if the error components are high, they may dominate the time-domain transfor¬ 
mation, thereby hiding all or most of the details of h„,(r) 7 ~ 10 
At this point, it is important to mention that although we have been considering 
the frequency-domain deconvolution method, the conclusions of this discussion 
are valid for the time-domain deconvolution as well because, assuming no com 
putational errors, both the time-domain and frequency-domain deconvolution 
procedures are mathematically equivalent and should yield identical answers 
They are just two different methods for solving the same equation Obviously, 
computational errors will add to the magnitude of the problem and the errors 
encountered Such errors can be minimized, however, and are typically fairly 
small compared to the approximation errors, they can thus be overlooked in this 
presentation 
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As should be clear by now, the problem at hand is an estimation problem and 
does not have an exact solution because of the approximations assumed in the 
equations to be solved and the lack of information about the measurement errors. 
Such problems are often referred to as “ill-conditioned” or “ill-posed prob¬ 
lems. 11-13 For this class of problems, more than one approximate solution may 
be achieved, some of which can be considered “acceptable” estimates of the 
exact solution, and some of these are just “better” than the others. 


Achieving Acceptable Estimates 

The basic concept for achieving an acceptable solution to practical deconvolution 
is to accept HJJm) as an available approximation (or preliminary estimate) of 
H(jw) and try to minimize the contribution of the S(yto) error spikes in a way 
that will permit a meaningful inverse Fourier transformation. This can be achieved 
by applying a properly designed filter to //„,(yw), one whose stop-band charac¬ 
teristics will eliminate or reduce the 5(y'co) error spikes. Denoting the filter’s 
transfer function by Ffyco), an acceptable estimate // acc (yo>) of H(ju >) can be 
written as 


#acc(» = HJJa) ■ F(jOi) 

= {YJjio) ■ F{j co)]/X u ,(yco) (3-45) 

= F u .(»/[X„.(;w)/F(»] 

Depending on the filter characteristics, F(jw) can be applied to either // u .(y'w), 
X„(ja>), or H„(jio), as shown above in Eq. 3-45. 

The main concern in designing F(yw) is how to achieve the “best” §(yco) error- 
spike reduction without introducing any serious errors in the H w (ju>) information. 
Denoting the transfer function of the optimum filter by F opt (y'w), the best (or 
optimum) estimate for the deconvolution result, H opt (jio), can be written as 


tf U ptO'«) = H w O'w) ■ F op ,(y'w) 




Typically, the optimization process is performed iteratively while monitoring 
some performance indicator(s). 6 ' 10 - 1416 Performance monitoring can be done 
either manually via operator intervention 7 - 9 - 16 or automatically, as in a computer 
agonthm. 610 - 14 - 16 The method is usually based on the type of filter used and 
e nature of the performance perameters to be monitored. 

Some example of frequency-domain filters having different degrees of so- 
P stication will now be demonstrated. The first example presents the simple 
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ideal filter with abrupt cutoff 6715 In this filter, two parameters are to be opti 
imzed the cutoff frequency and the attenuation in the stop band The optimization 
process is expected to be fairly lengthy since there are two variables (parameters) 
to adjust Typically the performance of such a filter is only marginally acceptable 
even when optimized because of the abrupt discontinmty(ies) introduced at the 
cutoff frequency(ies) In order to improve its performance, a bit of sophistication 
can be introduced by changing the abrupt cutoff to a linear (or, m general, a 
gradual) one In doing so, however, the number of optimization parameters 
increases to three (or more), thus complicating the optimization process 
A fairly sophisticated class of filters that have demonstrated quality perfor 
mance is characterized by the form 6 810 1417 


[i + 4>(<*)/|*Xi<] (347) 

where 4>(w) is a positive function of frequency Basically, this filter is designed 
so that the quantity <h(M|MO w )| 2 is fairly small, and, consequently, F(jw) is 
almost unity m the regions where X w (ja>) is not very small When Xjjco) is 
fairly small, however, the quantity <j>(e>)/|Xw(./w)| 2 should become significant and 
cause adequate filter attenuation 

Two cases of this class of filters have appeared in the literature, they are those 
in which <J)(o)) = \ (see References 8, 10, and 14) or 4>(w) = 'yu 4 (see Ref 
erence 6) where both \ and y are positive quantities In both these cases, there 
is only one parameter to optimize, and this optimization is typically earned out 
through iteration while monitoring some performance indicators) 

Filtenng can be performed completely in the time domain as well An ac 
ceptable estimate, h m [i) for the system’s impulse response is related to the 
preliminary approximation MO and to the filter’s impulse response/(0 by the 
relationship, 


M(0 = MO */(r) (3-48) 

which is the inverse Fourier transformation of Eq 3-45 Similarly, Eq 3 46 
transforms to yield the corresponding relationship between the optimized esc 
mate, M>(0, and the optimum filter,/ opi (t), as follows 

M<(0 = MO */o P t(0 (3-49) 

Some examples of time domain filteration techniques include averaging,' 6 least 
squares, 19 and conjugate gradient methods 20 Two other examples are worth 
mentioning here, the first because of its simplicity, and the second because of 
its correspondence to a previously mentioned frequency-domain filter The first 21 
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is a simple smoothing filter to be applied to the computed system s step response 
[obtained by integrating hM The smoothed step response is then differentiated 
to obtain /j acc (f). The second filter of interest 16 is obtained by considering the 
time-domain form of filter Eq. 3-47; the case of filters in which <J)(co) - A has 
been discussed in the literature. 
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Fast-Pulse Generator Survey 


James R. Andrews, Ph.D. 

Picosecond Pulse Labs, Inc. 


4.0 INTRODUCTION 

The purpose of this chapter is to survey the state of the art in pulse generators. • 
Emphasis is given to commercially available pulse generators with transition 
durations (rise times) of 1 nsec or faster. The survey papers by Runyon 1 and 
Nicolson et. al 2 are also recommended reading. 

Each recent decade has seen a continuing shrinking of the time scales of 
interest in electronic instrumentation. The forties were concerned with 100-nsec 
time periods. In the fifties, instrumentation entered the 10-nsec range, and by 
the early sixties, it had reached time scales of 1 nsec. The introduction of 
avalanche transistors, step-recovery diodes, tunnel diodes, and Schottky diodes 
provided early entry into the picosecond domain. For the most part, this progress 
did not continue during the seventies. Rather, this decade was a time for re¬ 
finement and commercial application of many of the advances of the sixties. 
The major exception was the work in superconductivity, mode-locked lasers, 
and photoconductivity, which yielded durations as short as 1 psec. 

The development of the sixties culminated in the Hewlett-Packard 1106**, a 
20-psec tunnel-diode pulse generator, and now the well-known H-P 1430A** 
sampling oscilloscope, eventually reaching a resolution of 20 psec in the H-P 
1430C. Unfortunately, the Hewlett-Packard 1106 and 1430 are no longer man¬ 
ufactured. As a consequence, the Tektronix S-6 30-psec instrument is the only 
wide-band sampling oscilloscope that has been available since the late seventies. 


iosi S < L hap , tcr ' vas or ‘gmally presented as a talk at the National Radio Science Meeting, 13 January 
C0 ’ URSI-USNC, Comm. A, Session Al, Time-Domain Measurements. The talk 
^ entitled Fast Pulsers—Small and Large.” 

amhn^ S , menU . oned in the text 21,(1 identified with a double asterisk (**) are, to the best of the 
r s knowledge, no longer commercially available, except perhaps on the used equipment market. 
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The pulse generators to be discussed in this chapter range from the conventional 
bench models that approach the microscopic at one extreme to the very large 
pulsed power machines that can fill an entire building at the other extreme In 
like manner, the power levels range from microwatts to megawatts Risetimes 
or impulse durations also range from femtoseconds (0 001 psec) to microseconds 
A useful way to compare various generators is to introduce a figure of merit 
based on the time rate of change of the output voltage, i e , output amplitude/ 
risetime in units of V/nsec 

4.1 CONVENTIONAL TRANSISTOR PULSE GENERATORS 

Many manufacturers throughout the world make conventional transistor pulse 
generators Most of these generators provide a repetition rate of less than 100 
MHz, with pulse amplitudes of 10 V into 50 ohms and transition durations 
(nsetimes) on the order of 3 nsec For rep rates in this range, quite a few 
manufacturers offer the added feature of adjustable nsetimes The fastest gen 
erator of this type is the HP 8161 A, with a 100-MHz rep rate, 5-V amplitude 
and 1 3 nsec (or slower) variable risetime Quite a few generators in this category 
are also programmable via the IEEE 488 Buss 
Above 100 MHz, the number of generators offered drops dramatically The 
fastest is Colby Instruments Model PG1000A, which operates at a maximum 





* 1 GHzPG KMQA pulse generator (b) 200 mV/div and 200 ps/div (leading 

edge) and (c) 500 mV/div and 500 ps/div (t GHz rep rate) 
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(c) 

Fig. 4-1. (continued) 


rep. rate of 1 GHz and provides 1 V into 50 ohms and 200-psec risetimes. Figure 
4-1 shows this generator along with some measured waveforms. Other generators 
in this category are listed in Table 4-1. The figure of merit for this class of pulse 
generators ranges from 2 to 8 V/nsec. 

Pulse generators typically use standard transistor-transistor-logic (TTL) or 
emitter-coupled-logic (ECL) integrated circuits to perform the functions of rep¬ 
etition-rate generation, trigger output, pulse delay, and pulse duration. Earlier 
designs used discrete components. The output stage of conventional pulse gen¬ 
erators usually uses moderate power, RF, bipolar transistors. 

Adjustable risetime generators use constant-current sources to charge and 
discharge a capacitor to obtain linear ramps for the leading and trailing edges, 
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Table 4-1. Conventional High-Speed Pulse Generators. 


TRANSITION 

duration 


MANUFACTURER 

MODEL 

REP RATE 

AMPLITUDE V 

(RISETME) 

Colby 

PG1000A 

1 GHz 

i 

200 ps 

Instruments 

Takeda Kiken** 

4200 

1 GHz 

2 

250 ps 

Hewlett Packard 

8080 

1 GHz 

1 2 

300 ps 

Tau Tron 

MN 1001 

1 GHz 

1 

500 ps 

EHInt 

129 

500 MHz 

2 

500 ps 

E H Int 

122 

250 MHz 

5 

I ns 

Systran Donner 

113 

250 MHz 

5 

1 3 ns 

Tektronix 

PG502 

250 MHz 

5 

1 ns 

Tekelec Airtromc 

TE 20 

200 MHz 

5 

I ns 

Hewlett Packard 

8008A 

200 MHz 

4 

1 2 ns 

E H Int 

1516 

100 MHz 

2 5 

600 ps 


as shown in Fig 4-2 Diode limiters set the pulse baseline and topline The 
output stage following this capacitor is a dc-coupled, linear, video-power am 
phfier 

Designs for fixed nsetime generators usually use a switching circuit output 
stage rather than a linear amplifier Figure 4-3 shows a typical output stage based 
upon ECL design The balanced transistor pair, Q,-Q 2 , is driven with differential 
logic pulses Initially, transistor Q 2 is nonconducting while Q[ is on and conducts 
all of the emitter current, l 2 DC current /, flows through resistor R g , establishing 
output voltage V| Vi = I, x. R x When the generator logic drive pulse changes 
states, Q ( ceases conducting while Q 2 rapidly turns on, pulling current / 2 away 



Fig 4 2 Adjustable transition 


duration pulse generator 
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+ v 



Fig. 4-3. ECL type of output stage. 


from the output. This forces the output voltage to drop to V 2 : V 2 — 
(!] - / 2 ) X R ,,. The generator output impedance is set by resistor R g . 

The Colby PG1000A uses a different technique, as illustrated in Fig. 4-4. 
Instead of switching circuits, it employs overdriven linear amplifiers. The gen¬ 
erator has a 1- to 1000-HMz sine-wave generator but no circuits to establish 


1-1000 MHz 
Sine Wave Osc, 



Fig. 4-4. Simplified block diagram of Colby PG1000A. 
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pulse delay The pulse duration is varied by changing the duty cycle of the dnver 
amplifier output The input of the dnver amplifier is strongly overdriven by the 
rep rate generator sine wave Because of the overdrive, the clipped sine wave 
output appears as a pulse The input also receives a dc voltage from the front 
panel duty cycle pot This dc voltage establishes the portion of the sine wave 
that is in the linear region of the amplifier 

4 2. AVALANCHE-TRANSISTOR PULSE GENERATORS 

A considerably higher figure of merit of 200 V/nsec can be obtained if avalanche 
transistors are used as high speed switching elements rather than as linear am 
phfiers as in the conventional transistor amplifiers Figure 4-5 shows a simple 
avalanche circuit In the avalanche mode, an extremely high voltage is applied 
to the collector of the transistor through a large current-hmitmg resistor The 
base has no bias on n and is either shorted to the emitter or connected through 
a small value resistor of less than 100 ohms It can also be reverse biased The 
collector-emitter voltage is thus at the breakdown voltage, BV(ces) In this 
condition, an extremely high electric field (£) exists across the collector base 
junction If a small amount of base current is injected into the junction, the 
charge earners are subjected to the extremely high E field and are very quickly 
accelerated to a high velocity When a charge earner finally strikes the lattice, 
it has enough momentum to break loose several additional charge earners These 
additional charge earners are likewise quickly accelerated, and the process is 
then repeated This process, called avalanche multiplication, is extremely rapid 
When the transistor starts to conduct, the collector voltage switches along the 
50 ohm ac load line to the lower breakdown voltage of BV(ceo) In some 
transistors, the switching time is in the subnanosecond region Currents up to a 


84- 

150 V 
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few amps can be obtained. A paper by Mitchell 3 is highly recommended reading 

for further details. _ 

Various pulse amplitudes can be obtained by selecting transistors with appro¬ 
priate breakdown voltage specs. The switching time, however, is somewhat 
proportional to the voltage, with a 200 V/nsec figure of merit, i.e., 200 V in 1 
nsec, 100 V in 1/2 nsec, 50 V in 1/4 nsec, etc. Pfeiffer 4 and Rein and Zahn 5 
have reported obtaining 10 V in 120 psec and 100-psec pulses, respectively. It 
is also possible to stack several avalanche transistors in series to obtain higher 
pulse amplitudes. For example, Metzger 6 used 36 transistors to obtain 3.6 kV 
with a 10-nsec risetime. Another configuration to obtain higher voltages is the 
Marx generator circuit of Fig. 4-6. In this circuit, the capacitors are charged in 
parallel and discharged in series. With this particular circuit, Optoelectronics, 
Ltd., has achieved a 4.5-kV pulse with a rise of 23 nsec. 

The major limitation on using avalanche transistors is the maximum rep. rate 
achievable. The duty cycle must be kept low to avoid destroying the transistor 
by overheating. The peak power dissipated in the transistor is quite large in 
comparison to its cw power rating. 

Figure 4-7 shows examples of waveforms from commercially available ava¬ 
lanche-transistor pulse generators. The Picosecond Pulse Labs Model 1000B 
produces 40-V, 400-psec-wide impulses at a maximum rep. rate of 1 MHz. The 
Picosecond Pulse Labs Model 2500 produces a 60-V step function pulse lasting 
for 100 nsec. The leading-edge risetime is 300 psec, and the maximum rep. rate 
is 100 kHz. 

4.3 STEP-RECOVERY DIODE (SRD) PULSE GENERATORS 

With a step-recovery diode, it is possible to obtain a figure of merit on the order 
of 400 V/nsec with risetimes as fast as 50 psec (Fig. 4-8). The typical SRD 
pulse-generator configuration 7-9 uses an avalanche pulse generator as a driver 
(Fig. 4-9). The SRD is mounted in shunt across a coaxial line and forward- 
biased with a dc current. A voltage step is applied to the diode from the avalanche 
pulserof such polarity as to reverse-bias the SRD. The SRD is initially conducting 
and appears as a short circuit across the coaxial line, thus reflecting the incident 
wave back towards the driver. The diode impedance remains low while the stored 
charge caused by the forward-biased dc current is being removed. When all the 
slored charge has been removed, the SRD rapidly switches to a nonconducting, 
a high-impedance state that allows the incident-voltage step from the driver to 
pass on to the output load. The net effect is a sharpening of the leading edge of 
'he pulse from the driver. Multiple SRDs can be cascaded to obtain Lister 

nsitions. The transmission lines are used for time-window isolation of various 
reflections. 

SRDs with breakdown voltages ranging from 10 to 100 V are available from 




Fig 4 6 Avalanche transistor in Marx generator circuit The capacitors are charged in parallel 
and discharged in sertes 
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Fig 4-7. Picosecond Pulse Labs avalanche-transistor pulse generators (vert. = 10 V/div.; 
horiz = 200 ps/div.); (a) Model 1000B, and (b) Model 2000. 


several different semiconductor manufacturers. In addition, ALPHA offers SRDs 
m which multiple identical chips are mounted in series within the same package 
to obtain breakdown voltages as high as 225 V at 500 psec. 

Figure 4-10 shows examples of commercially available SRD pulse generators, 
file Picosecond Pulse Labs Model 3000A produces 5-V, 65-ps-wide impulses 

at 1 whereas the Model 4500 produces 25-V, 100-ps risetime step functions 
st 100 kHz. 
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Fig 4 8 Ultra fast step recovery diode pulse (vert = 2 V/div horiz = 50 ps/div) 


4.4 TUNNEL-DIODE PULSE GENERATORS 

The fastest conventional electronic pulse generator uses a germanium tunnel 
diode (TD) The typical pulse amplitude is 250 mV, with a maximum figure of 
ment of 15 V/n$ec The manufacturers of TD pulse generators are listed in Table 
4-2 Figure 4 11(b) shows the typical waveform obtained from the fastest TD 
pulser, the HP-1106** This was measured by the HP 1430A (28 psec) sampling 



Fig 4 9 Typical SRD pulse generator 
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oscilloscope. Unfortunately, Hewlett-Packard has discontinued making their tun¬ 
nel-diode pulsers. . . 

Figure 4-12 shows a typical TD pulse-generator circuit (a) and the characteristic 
curve of a TD(b). The TD is initially biased by V bb at point A, slightly below 
peak point B. A positive trigger pulse is coupled through Ri into the TD, thereby 
forcing the TD current beyond the peak point current, I p> and into an unstable, 
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(c) 


Fig 4 10 (continued) 

negative resistance region The only stable point is at point C With inductor L 
appearing as a constant current source of approximately I p , the TD rapidly 
switches to point C This is the fast transition shown in Fig 4-11(b) Eventually 
inductor L can no longer supply current l p , and the operating point slowly moves 
down the. characteristic curve towards point D When point D is reached, the 
TD again enters an unstable, negative resistance region It thus rapidly switches 
to point E, with L again acting as a constant current source of l v The operating 
point then slowly climbs up the curve and stops at its initial quiescent point 
point A The TD is a low impedance on the order of a few ohms R 2 is added 
to provide a 50 ohm generator, reverse impedance match 
For fast switching applications, TDs with peak currents of 10 to 100 mA are 
used For Ge TDs, typical values are as follows I P II V — 10 \,V P ~ 100 mV 
V f - 600 mV and V, - 400 mV 


Table 4-2. 

Tunnel diode pulse generators 

MANUFACTURER 

MODEL 

TRANSITION DURATION p 

Hewlett Packard 

1106** 

20 


1108** 

60 

Tektronix 

S 52 

25 


284 

< 70 (Ref 9} 

Picosecond Pulse Labs 

TD 1107 

45 

Colby Instruments 

TD 50PA 

50 


P5A 

250 

E H lot 

902A 

100 
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(a) 



Fig. 4-11. Hewlett-Packard Model 1106A tunnel-diode pulse generator (vert. * 50 mV/div.; 
horiz. = 20 ps/div.). 


To a first-order approximation, the switching speed, T s , of a TD is given by 

r, = Cv X [Vf - Vp] / Up - /v] (4-1) 

where C v is the valley point—terminal capacitance. When TDS are made of 
GaAs, the voltage swing is twice as large as it is for Ge TDs. In general, GaAs 
TDs are slower than Ge TDs. 

At the present time, to the best of the author’s knowledge, there are only two 
manufacturers producing fast-switching Ge TDs: General Electric and Custom 
Components. The several other manufacturers that make TDs specialize in low- 
current TDs for use as microwave amplifiers and detectors. 
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Tf gger 



Fig 4 12 (a) Typical tunnel diode pulse generator circuit and (b) tunnel diode characteristic 
curve 


4.5 VACUUM-TUBE PULSE GENERATORS 

Vacuum tubes are also used in pulse generators, primarily for high-voltage, high 
current, high average power applications for which there are not suitable semi 
conductors available High power transmitting tubes are typically used for power 
levels from kilowatts to megawatts At these power levels, the nsetimes range 
from tens of nsec to the microsecond range Table 4-3 lists some of the com 
mercially available pulsers in this category The Cober 606 and the Velonex 360 
are typical examples, providing 2 5 kV, 31-kW pulses with 20-nsec transitions 
Most of these manufacturers also build transformers to provide either higher 
voltage or higher current outputs 


The Alpha pulse generator 10 of Power Spectra Inc has very impressive per 

Table 4-3. Typical Vacuum Tube Pulsers. 

MANUFACTURER 

MODEL 

PEAK POWER 

PEAK VOLTAGE 

transition 

duration 

EHInt 

I25B 

2 W 

-10 V 

200 ps 

Power Spectra 

Alpha 

500 kW 

5 kV 

I 5 ns 

Velonex 

380 

5 kW 

500 V 

7 ns 

Velonex 

360 

31 kW 

2 5 kV 

20 ns 

Cober 

606 

31 kW 

2 5 kV 

20 ns 

Cober 

605 

24 kW 

2 2 kV 

20 ns 

Cober 

604 

9 kW 

1 5 kV 

25 ns 

Velonex 

3S0 

26 kW 

2 I kV 

30 ns 

Velonex 

345 

6 kW 

i kV 

35 ns 

Cober 

1674 

16 MW 

150 kV 

>500 ns 
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formance specifications. With an output of 5 kV into 50 ohms and a 1.5-nsec 
risetime, this generator has a figure of merit of 3.3 kV/nsec. It employs seven 
linear amplifier stages to amplify low-level TTL or ECL pulses, the first four 
of which use bipolar and field-effect transistor (FET) power transistors and the 
last three, planar triodes. The final stage uses three planar triodes in parallel, 
with a 10-kV plate voltage. 

The fastest conventional vacuum-tube pulse generator is the E-H 125B, which 
uses a small microwave triode to produce - 10-V pulses with 200-psec risetimes. 

4.6 HIGH-CURRENT PULSERS 

In addition to vacuum tubes, thyratrons are used for very-high-current pulsers 
such as might be needed in high-power radar transmitters. Risetimes are typically 
50 nsec or slower. Because of the statistical nature of the gaseous breakdown 
mechanism in a thyratron, several nanoseconds of timing jitter is common. 
Krytrons are often used in applications requiring less current and faster switching. 
Akrytron is basically a cold-cathode thyratron with an internal radioactive source 
to provide the necessary pre-ionization of the gas. Typical results obtained with 
akrytron are 4-kV, 10-nsec pulses with 3-nsec jitter. 11 

The solid-state equivalent of the thyratron, the silicon-controlled rectifier (SCR), 
is also often used in high-power, high-current applications. The fastest, low- 
power SCR switches 1 A in about 10 nsec, whereas the high-power ones require 
hundreds of nsec to microseconds to switch. 

Power Technology, Inc., builds a line of solid-state, high-current, laser-diode 
pulsers that produce currents of 10 to 100 A with rise times of 2 to 10 nsec, 
respectively. 

4.7 MERCURY-WETTED MECHANICAL SWITCHES 

Mercury-wetted, mechanical-switch relays have been used for many years as 
subnanosecond pulse generators. With conventional relays, pulses up to 1 kV 
and 112-nsec risetimes are easily obtained. The usual configuration consists of 
a charged transmission line, as in Fig. 4-13, or a capacitor bank that is connected 
to the output load using a relay-operated switch. Initially, with the switch open, 
the coaxial charge line {R 0 , TD) is charged up to the supply voltage, V bb . At 
this time, the transmission line functions as a charge-storage capacitor. When 
the switch connecting the charge line to the output load is closed, the energy 
stored m the line starts to flow into the load resistor, R L . The current flow is 

muted by the “surge,” or characteristic impedance, R a , of the charge line. The 

'oitage developed across the load is given by 


F ou t ~ Ff,j, x RJ{R t + R 0 ) 
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Frg 4 13 Mercury switch pulse generator 


If R l = R 0 , then 


V M = V bb /2 

Because of the distributed properties of the line, energy initially flows from 
the right side nearest the switch A discharge current wave propagates to the 
left, progressively discharging the line When this wave reaches the far end of 
the hne, it encounters an open circuit, R c » Ro This open circuit reflects the 
current wave back toward the right As the reflected wave travels toward the 
right, it cancels out the leftward traveling wave, and, upon reaching the right 
end of the charge line, terminates the output pulse The output pulse duration 
is thus twice the propagation delay time (TD) of the charge line If the output 
load, R l , is not matched to the charge-line impedance, R 0 , the output waveform 
will have multiple reflections following the main pulse Each reflection will be 
a pulse of 2TD duration, and the amplitudes will be dependent upon the output, 
mismatch reflection coefficient 

The fastest mercury switch in existence is a very small unit called the “Log 
Cell, made by 5th Dimension Meyer 12 reported obtaining a 2 5-V pulse with 
a 12-psec nsctime using a Log-Cell NBS has built a 50-V, 40 psec nsetime 
pulser using the Log Cell 1314 Workers at Los Alamos Scientific Labs and also 
at EG&G have obtained similar results Risetimes of 1/2 ns are more typical of 
conventional mercury-switch pulsers 

The mercury-switch pulser has several advantages It is easy to build, and its 
output waveform can be easily predicted The duration is fixed by the length of 
charge line cable used The amplitude is independently adjustable by varying 
the supply voltage, V hb For these reasons, it has been used for many years as 
a pulse-amplitude calibration source It has also been used as a spectrum am 
phtude calibration source for electromagnetic interference (EMI) measurements 

owever, a word of caution is m order The preceding equations are valid only 
to within a few percent accuracy Actual waveforms and amplitudes will deviate 
from the ideal rectangular pulse shown m Fig 4 13 The causes for this dis 
crepancy are primarily skin effect losses in the charge line and parasitic react 
ances within the switch itself 
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The mercury switch also has several disadvantages. It will operate only at 
low rep. rates—up to 100 Hz, typically—although some switches have been 
operated at a few kHz by driving them at a mechanical resonant frequency. 
Being a mechanical device, the mercury switch cannot be precisely triggered 
with an external electrical trigger. Trigger jitter of a few ms is typical. Moreover, 
because of statistical variations in the contact surface at the instant of closure, 
the output pulse amplitude sometimes exhibits amplitude instabilities of 1 to 2 
percent. Mercury switches also have a limited lifetime and degrade with use. 

At the present time, only one manufacturer, the SPIRE Corp., is making a 
general-purpose mercury-switch pulse generator, the SPI-PULSE 25 Transmis¬ 
sion Line Pulser. It can produce up to a 1000-V pulse into 50 ohms (20 kW) 
with a risetime of 1/2 nsec. The pulse duration can be varied from 1 to 500 nsec 
by changing the length of an external charge cable. The rep. rate is adjustable 
up to 275 Hz. The switch lifetime is approximately 10 8 pulses. 

Singer and Electro-Metrics also make mercury-switch pulsers. Their units 
have a fixed duration impulse of either 1/2 or 10 nsec and were designed for 
use as a calibration source of broadband impulsive noise. As such, their output 
is calibrated in “spectrum amplitude” (in dB microvolts/MHz) and not in pulse 
amplitude (in volts). 


4.8 SPARK GAPS 


For higher-voltage applications than can be handled by a mercury switch, a spark 
gap is often used as the switching element that connects the charged transmission 
line or capacitor bank to the output load (as in Fig. 4-13). A free-running, spark- 
gap pulser simply uses a supply voltage, V bb , larger than the breakdown voltage 
of the gap. The charge line slowly charges up through the charging resistor, R c . 
When the charge-line voltage reaches the breakdown voltage, the gap arcs over 
and allows the charge line to discharge into the load resistor, R L , in much the 
same fashion as the mercury-switch pulser. The typical switching time of a spark 
gap can be well under 1 nsec. The actual gap-breakdown voltage is a function 
°fthe gap geometry, spacing, and dielectric materials. Breakdown voltages of 
a few hundred volts or a few kV are easily obtained with simple geometries and 
air dielectric. For higher breakdown voltages, other dielectrics such as pressur- 
'zed gases, oil, water, etc., are used. 


The leading-edge risetime of a spark-gap pulse can be further sharpened by 
passing it through successive spark gaps, as shown in Fig. 4-14. The author has 
u 'lt a small, dual-gap pulser that produced 2-kV pulses into 50 ohms with a 
nsetime of less than 200 ps. McDonald et al. 15 have built a dual-gap pulser and 
obtained steplike pulses up to 60 kV with risetimes of 300 ps. 

The spark gap has the advantage of being reliably triggered. Triggering can 
l accomphshed either by introducing an electrical trigger into the^gap via a 
electrode or by illuminating the gap with an intense laser pulse. Timing 
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Fig 4 14 Dual spark gap impulse generator 


jitters on the order of 1 nsec are typical Spark gaps, like mercury switches, 
have the disadvantages of limited lifetime and degradation with use 
The fastest commercial spark-gap pulse generator was the IKOR Model R100,** 
which produced a 1-kV, 250-ps wide impulse, as illustrated in Fig 4-15, and 
free-ran at approximately 250 Hz It could not be triggered externally or be 
single-pulsed The R100 is now built by Omm-Wave 
Spark gaps are used m the largest pulse generators, both in terms of output 
and physical size The huge machines built by Maxwell Labs, Sandia Labs, 
Naval Research Lab, EG&G Bedford, Cornell, and Physics International, to 
mention a few, produce pulses of kV to MV and kA to MA with rise times of 
tens of nanoseconds to microseconds Among some of the applications of these 
generators are to dnve E-beam and ion beam accelerators and for lightning 
simulation 

Figure 4-16 shows one of the larger machines, the Maxwell Labs Blackjack 
5 16 It produces 10-TW, 50- to 100-nsec pulses into very low impedance loads 
Figure 4-17(a) shows the internal construction of the Blackjack 5 pulse line a 



Fig 4 15 IKOR R100 spark gap impulse (vert = 160 V/cbv , horiz = 500 ps/cfrv) 
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Fig. 4-16. Maxwell Labs 10-TW pulse machine, BLACKJACK 5. 


cascade of various transmission lines separated by spark gaps. Figure 4-17(b) 
shows the waveforms obtained at various locations. The maximum output current 
is 5 MA with a dildt of 100 kA/nsec. 

Physics International has built its EAGLE machine for the Defense Nuclear 
Agency for above-ground, nuclear-weapon-effects testing. The EAGLE is a high- 
power, Marx-generator-driven, water-dielectric, low-impedance pulse generator. 

INTERMEDIATE 

PULSE PULSE 
TRANSFER FORMING FORMING 

TRANSFER CAPACITOR CAPACITOR LINE LINE TRANSMISSION LINE DIODE 



(a) 

Fig. 4-17. BLACKJACK 5: (a) internal construction; and (b) waveforms. 
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(b) 

Tig 4 17 (continued) 

The measured peak-output pulse parameters are as follows 4 6 ± 0 5 TW, 1 6 
MA, 275 kj, and 75-nsec (FWHM) pulse width 11 20 Figure 4-18(a) shows the 
wedge shaped EAGLE with a man at the back of it for size comparison 
The EAGLE is eventually to be used as a module for a future giant pulse 
generator, the ROULETTE-X Figure 4-18(b) is an artist's drawing of the 20- 
stage ROULETTE-X, along with future intermediate level generators, the DOU¬ 
BLE-EAGLE and ROULETTE-1 Extrapolation of EAGLE data suggests that 
the ROULETTE-X will produce 70 TW, 5 MJ, and 75-nsec pulses 

4.9 LINEAR ACCELERATOR 

The linear accelerator (L1NAC) is essentially an extremely large vacuum tube 
pulse generator Although extremely expensive and immobile, it is unsurpassed 
for generating narrow, repetitive, high-voltage electrical pulses Most LINACS 
are owned by the Department of Energy and used for nuclear research Although 
their primary purpose is to generate short, intense bursts of radiation such as 
electrons. X-rays, gamma rays, and neutrons, they have also been used as fast 
pulse generators Most LINACs generate a continuous train of pulses at a high 
RF frequency, but some have been modified fo produce single impulses 2122 
Electrons accelerated in muItipIe-RF-cavity structures, either standing-wave 
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or traveling-wave, are inherently bunched into a small interval, typically 15 
degrees, of the RF period In most such accelerators, which typically operate at 
either S band (2856 MHz} or L band (1300 MHz), electrons are injected from 
the electron gun for several microseconds The accelerated output beam of elec¬ 
trons consists of a train of very short pulses separated by the period of the 
accelerating wave and adjusted to “travel” (advance in phase) at essentially the 
velocity of light, which is essentially also the velocity of the relativistic electrons 
A single one of the microstructure pulses can be produced by injecting electrons 
into only one RF cycle of the fundamental accelerating frequency Initially, the 
injection was done by modulating the gndded electron gun with a triangular 
voltage pulse and a superimposed bias voltage The gun conduction could be 
limited to about 1 nsec, or approximately 1 RF cycle of the L-band frequency 
More recent developments have employed velocity-modulation bunching m sev¬ 
eral types of structures at subharmonics of the fundamental frequency to inject 
large quantities of electrons (40 nC in an Argonne Nat Lab experiment) into 
about 25 psec of a single RF cycle If all this charge were captured in the center 
conductor of a coaxial 50-ohm Faraday cup, I 6 kA could produce 80 kV 1 
A stable c w master oscillator operating on the twenty-fourth (typically) 
subharmomc of the accelerator frequency serves as the master clock for the 
bunchers and gun pulser Phase-synchronous RF amplifiers are easily built to 
dnve the subharmomc bunchers m phase with the accelerator A tngger signal 
is denved from one of the subharmomc frequencies that is phase synchronous 
with all the RF frequencies and can be timed to occur at the desired part of the 
accelerator’s microsecond long macropulse This trigger signal, sharpened and 
amplified, is used to drive the grid-cathode electrodes of the electron gun To 
achieve reasonable pulsc-to-pulse stability, the jitter in the gun pulse must be a 
small fraction (1 to 2 percent) of the RF period, a prerequisite that can be achieved 
by modem techniques, particularly by using avalanche transistors and tnode 
amplifier stages to produce the kilovolt pulse voltages requited by many election 
guns An important feature of this tngger system is that experimental apparatus 
and sampling oscilloscopes can be triggered synchronously with the beam pulse, 
allowing high-bandwidth measurements with low jitter 
The bunch of accelerated electrons can be converted into an electrical pulse 
by intercepting them in the center conductor of coaxial Faraday cup 23 The time 
response is limited by the capacity of the open end of the coax, the resonances 
m the volume of the coaxial structure, and the transit time of the electrons across 
the gap With relativistic electrons at energies greater than 2 MeV, the transit 
time is manageable, and Faraday cups with small dimensions can have a fre 
quency response to 7 to 8 GHz or better Using the fast Faraday cup, four feet 
of good coaxial cable, and a sampling oscilloscope, a typical L1NAC pulse will 
be like that shown in Fig 4-19 
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Fig. 



4.10 JOSEPHSON JUNCTIONS 

At the opposite extreme from the huge spark-gap machines and LINACs lies the 
field of superconducting cryoelectronics. The discovery of the superconducting 
Josephson junction has opened up a whole new field of extremely fast, picosecond 
electronics. To date, all of the work in this area has been done in sophisticated 
research labs. Hamilton at the National Bureau of Standards in Boulder, Colorado 
has demonstrated that a Josephson junction can be switched in less than 10 
psec.- 4 Theory predicts switching transition times on the order of 2 psec. IBM 
has attempted to develop a superconducting computer using Josephson junctions. 

The Josephson junction, however, has several major disadvantages for wide¬ 
spread commercial applications. First and foremost is its requirement for a cry¬ 
ogenic, liquid-helium environment, and second, the extremely low, millivolt- 
level signals involved. 

4.11 OPTICAL PULSE GENERATORS—LASERS 

The shortest pulses ever reported have been obtained from mode-locked lasers. 
The December 1981 issue of Laser Focus 25 reported that G. Mourou and T. 
Sizer of the University of Rochester had obtained dye laser pulses of 70 fsec 
(0.070 psec). A pulse this brief is also extremely short physically, the wave 
packet being only 21 microns long. To obtain these extremely short optical 
pulses, however, requires a large optical-bench setup with high-powered pump 
lasers and experienced personnel to assemble and operate it. 

Using injection laser diodes, it is now possible to obtain subnanosecond optical 
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pulses in a conventionally packaged, simply operated pulse generator Andrews 
at CNET in France showed m 1972 how pulses as short at 110 psec could be 
easily obtained from an injection laser diode with an avalanche-transistor, 10- 
A pulser 26 27 Several companies now offer these optical pulse generators, in¬ 
cluding Hamamatsu of Japan, Optel of Germany, Opto-Electromcs of Canada 
(see Fig 4-20), and Lasertron of the USA (see Table 4-4 for the charactenstics 
of the latter) The electrical pulse drivers for these laser diodes are typically 
avalanche transistor pulsers, whereas the faster units use SRDs In 1983, Las- 
ertron introduced the fastest commercially available optical pulse generator with 
a 30 psec impulse Still briefer optical pulses have been obtained m. research 
labs by mode locking, CW-mjection laser diodes The best results to date are 
20 psec impulses at a 3 GHz rep rate 2S 

4.12 PHOTOCONDUCTIVITY 

Considerable work is presently being done in several research labs in the U S 
and Europe in an attempt to convert ihe extremely brief optical pulses into 
electrical pulses At present, investigations into fast photoconductive effects seem 
to be most promising The major materials being studied at present are St, GaAs, 
and InP The fastest results reported to date are 100-V, 10-psec pulses by Austin 
of Bell Labs 29 Antonetti et al 30 have also reported producing 10 kV pulses with 



Fig 4 20 Output of an Opto Electronics PLS10 laser diode pulse generator (900 nm) as 
monitored by a tO-ps resolution streak camera 
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Table 4-4. Laser-Diode, Optical Pulse Generators. 


IMPULSE 

duration 


MANUFACTURER 

MODEL 

ps 

PEAK POWER 

WAVELENGTH, nra 

Lasertron 

QLPX 

35 

> 40 mW 

> 30 mW 

13DD 

1530 

Opto-EIectronics 

PLS10 

<75 

100-600 mW 

810-870 

900 

1100-1600 

Hamamatsu 

Opte) 

Cl 308 

CL 1003 

> too 
too 

> 750 mW 
! W 

820 

820 

904 


risetimes of less than 50 psec. These results give a figure of merit of 200 kV/ 
nsec. 


4.13 CONCLUSIONS AND FORECAST 

In conclusion, it can be observed that a wide variety of subnanosecond pulse 
generators are available. As always, the best choice is never completely clear 
since it depends strongly upon the needs of the end user. 

In the future, it can be expected that research labs will continue to push for 
shorter rise times and pulse widths with lasers, photoconductive switches, and 
cryoelectronics. The most significant impact on conventional bench-type pulse 
generators will come from the large effort in the late seventies to develop mi¬ 
crowave and millimeter-wave power FETs. As manufacturers start to design 
around these new FETs, 5-GHz rep. rate, 100-psec bench-style pulse generators 
should soon appear. 
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5 0 INTRODUCTION 

Recent study related to electromagnetic-pulse (EMP) phenomena has focused 
strong attention on the subject of transient electromagnetic (EM) fields Antenna 
structures able to preserve the time-domain waveform of EMP must be inherently 
broadband and nondispersive 1 2 

The purpose of this chapter is to discuss various sensors and radiators com¬ 
monly used for time-domain antenna measurements The sensors and radiators 
discussed here are passive analog devices that convert the electromagnetic quan 
tity of interest to a voltage or current at their terminal ports Moreover, they are 
primary standards tn the sense that their transfer functions can be calculated from 
their geometries and are flat (frequency-independent) across a wide frequency 
range One of the major requirements of these sensors and radiators is that the 
electromagnetic far field, for transmission or reception, be a replica or high- 
fidelity derivative of the original pulse 

Because of their usefulness in electric-field strength measurements, linear 
antennas nonumformly and continuously loaded with resistance, or both resis¬ 
tance and capacitance, are discussed Also, a conical antenna and an asymptotic 
conical antenna are examined from the standpoint of improved antenna char¬ 
acteristics Various types of transverse electromagnetic (TEM) horns are con¬ 
sidered for improved directivity, e g , a conducting TEM horn and a resistively 
loaded TEM horn For magnetic-field strength measurements, a loop antenna 
with uniform resistive loading is discussed 

Section 5 l discusses one of the important properties governing the transmit¬ 
ting and receiving transfer functions of an antenna The frequency-domain and 
time-domain characteristics of the various electric- and magnetic-field sensors 
mentioned above are then covered in Secs 5 2 and 5 3, respectively. 
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5.1 ANTENNA RECEIVING AND TRANSMITTING TRANSIENT 
RESPONSES 3 - 4 

It is rather well known that the transmitting transient response of an antenna is 
proportional to the time derivative of the receiving transient response of the same 
antenna. For example, consider an antenna designed to receive an impulse with 
minimum distortion. If this antenna is driven with an impulse input, the radiated 
waveform is a differentiated impulse, i.e., a doublet. 

To explain this properly, let us consider a specific linear antenna. The radiated 
field of a center-driven electric dipole of length 2 h and wire radius a, as shown 
in Fig. 5-1, is given by the formula, 5 




%5-,. Configuration o, a linaa, antanna: (a, transmitting anten „ ai (6) ^ 
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£? d *= 


60/Vq p 

z, n + z g 




r i 


(5-1) 


where JEa” 3 is the radiated electric field at a distance r [ from a linear antenna, 

V 0 e'“" is the driving voltage of a generator with impedance Z g , F j^O, kh, is 

the antenna field factor of an antenna with impedance Z in , (r, 0, c|>) represents 
a spherical coordinate system as shown in Fig 5- 1(a), k is the free space wave 
number, and c is the velocity of light 

When the same antenna, used for receiving, is placed at the origin of the 
coordinate system and inclined in the direction of angles 0 and 4 s , ns shown in 
Fig 5 1(b), the current //. induced in the load impedance Z/. becomes 


4 * 



Z m + Z L 



cos <}> 


(5-2) 


where h t 



\s half the effective length of the antenna, E mc t JM is the 


incident electnc field, and the tenn e Jar ^ c gives the phase measured at a point 
in space at a distance r 2 from the center of the dipole 
Applying the Rayleigh Carson reciprocity theorem, 5 we can show that the 
field factor, F, and half the effective length, h e , satisfy the following reciprocity 
relation 


f(o, kh = kh c (V kh, ^ 


(5-3) 


Though perhaps not well known, the reciprocity theorem given m Eq 5-3 is 
analogous to the more familiar formula, 


* 



(5-4) 


where G t is an antenna power gain that is a transmitting characteristic, A e is an 
antenna effective area that is a receiving characteristic, and X is the wavelength 
By differentiating Eq 5-2 with respect to time and using the reciprocity 
theorem given m Eq 5-3, one can obtain, when Z L = Z g , the relation, 
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dh = _ g. cos (5 . 5) 

dt 30 V Q 

Equation 5-5 indicates that the response of a receiving antenna differentiated 
with respect to time is proportional to the time dependence of the radiated field. 
The proportionality constant depends neither on the particular antenna size nor 
on the frequency. 

Although this equation is derived specifically for a linear antenna, the same 
holds for any antenna. This property can be explained elegantly by the use of 
plane-wave scattering theory. 6 The transmitting transfer function, T,(f), of an 
antenna is defined as the ratio of the radiated electric field, £ rad ( f,r), of frequency 
f, to the phasor wave amplitude, a 0 (f), of one plane wave incident at the antenna 
terminal, and is given by the formula, 


T,(J) 


E^&r) 

a 0 (f ) 


jkS w (K=0) — 
r 


(5-6) 


where S m (K = 0) is the transmitting characteristic of an antenna scattering matrix 
with K being the transverse part of k and r the distance from the antenna to the 
field point. The receiving transfer function T r (f) is defined as the ratio of the 
phasor amplitude, b 0 (f), of the emergent wave at the antenna terminal to the 
electric field, E mc (f), incident on the antenna, and is given by 

W) = = 2irS O i(Ar=0) (5-7) 

where S ol (A:=0) is the receiving characteristic of an antenna scattering matrix. 

The scattering matrix elements, 5i O (AT=0) and 5 ol (A'=0), of an antenna are 
related through the reciprocity theorem, 


Ti L 5oi(A r =0) = - V>io(/ir=0) (5_8) 

where i, t is the antenna load admittance and t\o is the admittance of free soace 
Thus, ^ 


ZMl _ _ Mi. g jkr 

T r (f) 2ttt| 0 r 


(0 " d ! S . that the t f ransmittm g transien t response is, in general, proportional 
the time derivative of the receiving response when r, f . is real and frequencv 
dependent because of the jk (oryw) factor in this expression. Y 
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Fig 5-2 Time-domain measurements using picosecond impulses (a) time-domain waveform, and (b) spectrum amplitude 
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Fig. 5-2. Time-domain measurements ( continued ) 


If the input excitation to an antenna is a nonsinusoidal transient it can be 
represented by a Fourier spectrum. Since Eqs. 5-5 and 5-9 hold for all single 
frequency components, they hold for a nonsinusoidal transient as well. Hence, 
when the current, I L , induced in the load impedance of a receiving antenna is 
known, the radiated field of the same antenna when used for transmitting can 
be calculated directly by differentiating the induced current. On the other hand, 
when the radiated transient field of a driven antenna is known, the induced 
current of the same antenna when used for receiving can be computed by inte¬ 
gration. 

Theoretical and experimental investigations of the time-domain characteristics 
of various sensors and radiators discussed in this chapter have been performed 
using extremely short 70-psec impulses as a reference. The time-domain wave¬ 
form of the pulse shown in Fig. 5-2(a) has a relatively flat spectrum amplitude 
s(f) greater than 60 dB p-V/MHz up to 5 GHz, as shown in Fig. 5-2(b). The 
70-psec impulse is used both as a driving voltage for the investigation of trans¬ 
mitting transient response and as an incident impulse field for the investigation 
of receiving transient response. The experiments are performed using a time- 
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domain antenna range in conjunction with a time domain automatic network 
analyzer 8 

5 2 ELECTRIC-FIELD SENSORS 

This section considers the receiving and transmitting transient characteristics of 
the following electric field sensors and radiators specially designed for time- 
domain measurement use (1) a linear antenna with resistive loading, (2) a linear 
antenna with resistive and capacitive loading, (3) a conical antenna, (4) an 
asymptotic conical antenna, (5) a conducting TEM horn, and (6) a resistively 
loaded TEM horn 


Linear Antenna with Resistive Loading 49101112 

This antenna consists of a cylinder of length 2/i and radius a that is aligned along 
the z axis and centered at the origin It has an internal impedance Z'(z), due to 
continuous complex impedance loading, and carries an axial current l 2 (z), which 
is assumed to be uniformly distributed around the periphery of the cylinder since 
the radius is much less than the wavelength, X When the antenna is driven by 
a delta function voltage, Vo, at z — 0, the axial component of the vector po 
tential, A z {z) on the surface of the antenna satisfies the one dimensional wave 
equation, 

(~ 2 + k^AAz) = \Z (z)l t (z) - V 0 8(z)] (5-10) 

where 


and 




Uz')K(z,z'W 


(5 11) 


K{z,z') 


e *V(7^ z 7 + c 2 
V(z — z ) 2 + a 2 


(5 12) 


When the cylindrical antenna has a continuous complex impedance loading 
such that the internal impedance per unit length Z(z) is a particular function of 
the position along the antenna, Wu and Kmg 9 found that a pure outward traveling 
wave can exist on an antenna of finite length, that is, if 
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Z'(z) 


60i|i 

h - N 


(5-13) 


where 


4* = 

3 2 


fU I(z')K(z,z')dz' 
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h 


sinh 1 — — C(2ka, 2kh) — jS(2ko, 2kh) 
a 


(5-14) 

+ i? a - e- jikh ) 

kh 


and C{a,x ) and S(a,x) are the generalized cosine and sine integrals, then the 
approximate current distribution for the one-dimensional wave equation given 
in Eq. 5-10 has the nature of a traveling wave, i.e., 


h(z) 


Vo 


60il»(l - jtkli) 



e ~M 


(5-15) 


Since the solution of e + -'4-4 no longer satisfies the original wave equation, the 
antenna does not support a standing wave. Since the frequency dependence of 
Z’(z) appears only in rji in the form of a logarithm for small kh, the antenna has 
much broader frequency characteristics than an antenna with a lumped resistor 
located at a quarter wavelength from the ends. 13 

It should be noted, however, that the loading given by Eq. 5-13 is a complex 
impedance since the constant ij/ is a complex number. As will be shown later, 
the real part of vb is weakly dependent on frequency; its imaginary part, negative 
and proportional to frequency. For this reason, it is not possible to realize the 
loading given by Eq. 5-13 using passive elements. It will be shown in Fig. 5- 
6 that, at frequencies where kh < all, the imaginary part of i]i is usually smaller 
than its real part. 11 For this reason, a short linear antenna with tapered resistive 
loading has been examined. 

The current distribution on a resistively loaded antenna can be calculated by 
numerically solving the one-dimensional wave equation given in Eq. 5-10 using 
the method of moments. 14 To simplify the integral equation, it is assumed that 
wire radius a is much smaller than wavelength \ (a <§ \) so that the current can 
be considered to flow in a filament along the z axis rather than on the surface 
of a cylinder. To permit a solution for the current distribution, suitable testing 
functions for basis functions for expansion are needed. We have chosen piecewise 
linear testing functions and piecewise constant basis functions. Other choices 

of testing functions and basis functions for expansion are possible_e.g., piece- 

wise constant, piecewise linear, piecewise sinusoidal, etc. Although combina- 
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ttons other than piecewise linear testing functions and piecewise constant basis 
functions for expansion of the current might lead to better convergence, it is 
beyond the scope of this section to discuss all the possible senes representations 
A detailed discussion of this subject can be found elsewhere 15 
Figure 5-3 shows the coordinate system of a typical one-dimensional wire 
antenna of radius a The incident electric field, E >nci associated with the current, 
/, and the charge density, p, on a wire antenna is given in terms of the usual 
vector and scalar potentials, A and <J>, as follows 



Fig 5 3 A linear antenna and its coordinate system 
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fine = ~juA ' V3> 


where 



(5-16) 


(5-17) 


and 



(5-18) 


and where R is defined to be 

R = V|T - T'(s')| 2 + or (5-19) 

The one-dimensional charge density, p(s), is related to the current, I(s), 
through the continuity equation, 


p(s) = 


l dl(s) 
to ds 


(5-20) 


The unit direction vector, s, which is parallel to the axis of each segment, 
is defined as 


Sn+112 ~~ 


1 ~ r n 

|7„+i - 7„j 


(5-21) 


Using the pulse testing function, expanding the current in pulses, and applying 
a finite-difference approximation to compute charge density p, we can rearrange 
Eq. 5-16 in terms of the usual impedance matrix elements, Z mn , associated with 
the current and voltage matrix elements, /„ and V m , i.e.. 


N 

X 


v In Z mn = 


* 1 


(5-22) 


The matrix element, Z mn , associated with the nth current at the observation 
point, s m , is given by 16 
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Z mn = I PCrm + in - -m) ' C?„+1,2 £*,*»+m + Via?«-i/ 2 ») 

^'TTCOeL 

_ g m+ rnnn+J gm+lr2»-i» + Sm lOnn+l _ gm-irin 1 _« 

S„ + I — S„ S„ - s n - 1 J„+l ~ s„ s„ — J 


+ Z(s„)(s m + 1/2 Sm 1 / 2 ) 


(5-23) 


where Z(s„) is the internal resistance per unit length due to resistive loading 
Both the vector and scalar potential terms involve an integral of the form 


Sm y. v 



ds* 


(5-24) 


where 


Rm = Vj7T=WjF^ (5-25) 

The matrix element V m in Eq 5-22 is simply given by 

V m = (7 m+ rn - -m) (5-26) 


The elements of the vector /„, which give the current distribution, can then be 
obtained by solving a matrix equation 14 
Numerical solutions using the method of moments and the analysis based on 
the approximations by Wu and King have been applied to the resistivcly loaded 
antenna In the method of moments, we calculate the current distributions by 
subdividing the dipole into 61 subsections In order to observe the convergence 
of the series representation for current on the dipole, a numerical solution using 
121 subsections was also examined The results indicate that the convergence 
for a numerical solution with 61 subsections is very good 

Resistive antenna elements are made by depositing a linearly tapered thin-film 
alloy on a glass rod A glass rod, 7 5 cm long and 0 254 cm in diameter, was 
chosen as the substrate These dimensions yield a quarter-wave monopole, 
kh = u/2, at 1 GHz To achieve a dipole configuration, a glass rod 15 cm long 
is used as the substrate Once the antenna dimensions have been determined, 
the desired resistive loading profile is calculated using Eq 5-13 This resistive 
loading profile, which turns out to be a relatively weak function of frequency 
and is calculated at 1 GHz, is shown in Fig 5-4 The constant i}/ in Eq 5-14, 
which is the ratio of the vector potential to the current along the antenna and 
which is, in general, complex, is assumed to be real and is represented by the 
absolute value of die complex constant if Typically, the resistive loading required 




TIME-OOMAIN SENSORS AND RADIATORS 133 




134 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


is about 5 kft/m at the driving point, about 10 kfl/m at the midpoint, and infinite 
at the end of the antenna 

The magnitude and the phase of the current distributions on the resistively 
loaded antenna are calculated using both the method of moments and the Wu-King 
approximation, they are shown tn Figs 5-5(a) and (b) for different frequencies 
The experimental results for the current distribution at I GHz are also shown m 
Fig 5-5(b) 

The ratio, ty, of the vector potential to current at the antenna driving point is 
also calculated by using the current distributions from both the method of mo¬ 
ments and the Wu-King approximation The real and imaginary parts of t|/ are 
shown in Figs 5-6(a) and (b), respectively, where the real part of \j> is seen to 
be usually larger than the imaginary part As mentioned previously, the real part 
of i}us a very slowly varying function of frequency, and, therefore, the resistive 
loading profile Z‘(z) given in Eq 5 13 and the current distribution /,(z) given 
in Eq 5-15 have only a weak frequency dependence, which results in the desired 
broadband characteristics 

The driving-point admittances (conductance and susceptance) are obtained 
from the method of moments and the Wu-King approximation for the current 
distribution For example, the Wu-King approximation yields 

io = — - (5-27) 

60i}/(l — jlkh) 

Results for the dnving-point conductance and susceptance of the antenna are 
shown in Figs 5-7(a) and (b) compared with experimental results 

The effective length, h e {f), of the resistively loaded linear antenna is then 
evaluated according to the formula, 


< 5 - M) 

Using the Wu-King approximation for l t { z ) in Eq 5-15, the approximate 
effective length, h r (J), is found to be 

2 

h *(f) = (i - jkh - e~' kh ) (5-29) 

The results for h „(/) using the current distributions obtained from the method 
of moments and the Wu-King approximation are shown in Fig 5-8, where the 
moment-method solution involves numerically integrating the current distribution 
as given m Eq 5-28 
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FREQUENCY 

{a) 



(b) 

Rg 5 6 (a) Real part of 1', and (b) imaginary part of ^ 




Fig. 5-7. Driving point admittance of the resistivelv loaded linear N 
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fig 5 8 Effective length of the resistively loaded linear antenna 


The effective lengths and the dnvmg-pomt impedances obtained from both 
the Wu-King current distribution and the moment-method current distribution 
arc used in Eq 5-1 and 5-2 to calculate the receiving and transmitting transient 
responses in the frequency domain The use of a fast Fourier transform (FFT) 
then allows the determination of transient fields for a known input waveform 
The calculated receiving and transmitting transient responses of a resistively 
loaded linear antenna are shown in Fig 5-9, along with experimental results 
As indicated there, the original 10-psec pulse is broadened as a result of high- 
frequency dispersion above 100 MHz Figure 5-9 also demonstrates clearly that 
the transmuting characteristic of the transient response is proportional to the 
receiving characteristic differentiated with respect to time, as discussed m Sec 


IMAGINARY PARI of EFFECTlVt 1ENCTH 




Relative Amplitude 


Receiving Characteristics Transmitting Characteristics 



Time (ns) 

Fig. 5-9, Receiving and transmitting characteristics of the resistively loaded linear antenna. 
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Linear Antenna with Tapered Resistive and Capacitive Loading 17 ' 18 


The impedance loading given by Eq 5-13 is required in order to obtain a 
travel mg-wave current distribution on a linear antenna It was noted in Fig 5- 
6 that the imaginary part of 4* 1S usually less than its real part However, at 
frequencies where kh > 10(ir/2), the imaginary part of i)/, which turns out to be 
negative, becomes comparable to Us real part 11 Therefore, to create an outward 
traveling wave current distribution on a linear antenna at frequencies where 
kh » rr/2, the required impedance loading along the antenna must be complex, 
with both resistance and capacitive reactance For this reason, the characteristics 
of a linear antenna with resistive and capacitive loading have been investigated 
For a linear antenna with a length 2 h of 7 5 cm and a radius a of 0 3 cm, the 
\J> term as given by Eq 5-14 becomes 3 06 — j 2 39 at 2 GHz, where kh — ir/2 
To implement the real part of the impedance loading given by Eq 5-13, the 
antenna element was fabncated by depositing a tapered thin film alloy on a glass 
rod 11 To achieve the imaginary part of the impedance loading given by Eq 5 
13, narrow rings on the deposited thin film alloy on the glass rod were burned 
away by an argon laser to form a segmented antenna The neighboring edges of 
each gap on this segmented antenna act as a lumped capacitance inserted m 
series with the antenna When the number of segments per wavelength becomes 
large, the antenna can be considered as being loaded with continuously distributed 
capacitance The gap width / between segments is chosen to provide the properly 
tapered capacitive reactance loading as given by Eq 5-13, 


MZ'(2)] = 


60 x 2 39 
ft - [z[ 


1 

wdC, 


(5-30) 


where the distance d between two adjacent gaps is chosen to be 5 mm The 
lumped capacitance of each gap, C,, is given by 'tia 2 zjt, wheie z g is the effective 


Table 5-1. Capacitive Loading Profile of the Linear Antenna. 


posmov alo\g 

GAP 
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r(cm) 
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20 

1 13 x 10 1 

3 8 

25 

1 58 x SO 1 

11 

30 

2 64 x 10 1 
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permittivity of the glass in the gap. The required lumped capacitance of each 
gap and corresponding gap width are given in Table 5-1. 

The integral equation outlined in the previous section was solved using the 
method of moments. For this study, as for the case of resistive loading only, 
piecewise linear testing functions and piecewise constant basis functions for 
expansion are chosen. The current distributions are calculated by subdividing 
the linear antenna into 61 subsections. 

Figure 5-10 shows the current distributions of a linear antenna with tapered 
resistive and capacitive loading as obtained from the moment-method approach. 
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For comparison, the current distribution of a linear antenna with tapered capa¬ 
citive loading only is also shown Since the current distributions are found to 
be basically traveling waves, the antenna is expected to have very broadband 
characteristics Its impedance as a function of frequency is shown m Fig 5 11 
The typical resonances in the resistance and the reactance of the antenna have 
been eliminated The experimental results for the receiving transfer function of 
the linear antenna with both resistive and capacitive loading are shown in Fig 
5-12, they indicate that the antenna does not exhibit any high Q resonances even 
at frequencies where kh > tt/2 (J > 2 GHz) 

Confcal Antenna 4 7 

A conical antenna is one of the most popular types for use as a standard trans¬ 
mitting antenna Expressions for the effective antenna length, h e (f), and the 
driving-point impedance, Zo(f), of a conical antenna are used to calculate its 



(a) 


Fig 5 11 Driving point impedance of the linear antenna with 
(a) resistance, and (b) reactance 


resistive and capacitive loading 
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receiving and transmitting characteristics in the frequency domain in order to 
obtain the corresponding transient properties. 

The effective length, h e (J), of a conical antenna can be derived from its 
radiation field using the Rayleigh-Carson reciprocity theorem of Eq. 5-3. The 
driving-point impedance, Z 0 (f), of a conical antenna is given by the ratio of the 
frequency-domain representation of the voltage applied at the antenna terminal 
to the frequency-domain representation of the resultant current flowing into the 
antenna terminal. One thus arrives at the following formulas 7 : 


K(f) = 


k z € 


,+fi 




* O _L 1 

x 2 p n(cos Q 0 )P'„( 0) J 

1 n(n+ 1) 


; n + 1 




(5-31) 



Fig. 5-11. Driving point impedance ( continued) 
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(5-35) 


UZUW) - m 


where 

€ = the length of the antenna 
Co = the free space characteristic impedance 
0 O = half the apex angle 
P„(cos 0) = the Legendre polynomial of order n 
/i„ <2) (fc€) = the spherical Hankel function of the second kind 

The results for the effective length and the driving-point impedance given by 
Eqs. 5-31 and 5-32, respectively, are used in Eqs. 5-1 and 5-2 along with the 
Rayleigh-Carson reciprocity theorem given in Eq. 5-3 to calculate the receiving 
and transmitting transient responses in the frequency domain. An FFT is then 
used to determine the transient fields for a known input waveform. 

The transfer function of the transmitting characteristic for a conical monopole 
antenna 2.7 m long with an 8-deg apex angle is calculated theoretically and is 
given in Fig. 5-13. In this figure, there are two curves, one of which corresponds 
to a 57-term summation and the other to a 139-term summation in Eqs. 5-31 
and 5-34. The curves agree with each other very well, indicating that the con¬ 
vergence of the 57-term solution is very good. Figure 5-13 shows that the transfer 
function of the transmitting characteristic for the conical antenna is relatively 
flat above 10 MHz. 

The transmitting characteristic of the transient response for the conical antenna, 
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Fig 5 13 Transmitting transfer function of the corneal antenna 

also calculated theoretically, is given in Fig 5-14 along with experimental results 
Again, the theoretical calculation for the time domain waveform using the 57- 
term summation agrees very well with that using the 139-term summation, and 
both compare well with the experimental data 

Asymptotic Conical Dipole 1920 

The concept of the asymptotic conical dipole sensor is based on the potential 
distribution resulting from some convenient equivalent charge distributions 19 




RELATIVE AMPLITUDE 
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Fig. 5-14. Transmitting characteristic of the conical antenna. 

Starting with a particular equivalent charge distribution, we calculate the resulting 
potential distribution. Several potential surfaces that result from this equivalent 
charge distribution are shown in Fig. 5-15. These are rotationally symmetric 
about the z axis. One of them is the zero-potential surface, which may be used 
as a conducting ground for the single-ended version of the sensor. 

Also shown in Fig. 5-15 is the biconical surface, <b„ which forms a 100-ohm 
transmission line when driven differentially at the origin. Half of this bicone is 
also a 50-ohm cone above the ground plane. The potential surfaces used for the 
sensors are that pair which are asymptotic to the 100-ohm bicone at the origin. 
These two surfaces are chosen so as to be geometrically asymptotic at some 
point in space (e.g., the origin of the coordinate system) to a transmission line 
geometry of known impedance. This arrangement eliminates reflections caused 
by an impedance discontinuity. Moreover, the potential of the transmission line 
geometry determines the potential of the particular surfaces chosen. 

The charge distribution on the two antenna surfaces is calculated from the 
static potential distribution. The total antenna charge and dipole moment are 
then calculated by integration of the surface charge. The antenna capacitance 
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and equivalent area can also be calculated. As an example, consider an asymptotic 
conical monopole with a length of 0.178 m. It has an antenna capacitance of 12 
pF and a risetime of 0.94 ns between the 10- and 90-percent points of the final 
(settled) pulse height, as shown in Fig. 5-16. It also exhibits a 10-percent over¬ 
shoot with its associated underdamped ringing. 

TEM Horn 4 

In an effort to attain increased antenna directivity or increased antenna gain for 
a broadband and nondispersive antenna, many researchers have considered a 
TEM hom, which is a two-conductor end-fire traveling-wave structure. If the 
flare angle and plate widths of a TEM hom are properly chosen so that a constant, 
characteristic impedance can be maintained, the horn will guide a nearly pure 
TEM mode into free space. When the edge-diffraction effect and fringe fields 
are neglected, the linearly polarized spherical field at the horn aperture is given 
by 4 


E y (x',y', 0) = 


d 


Wd + x' 2 + y' 5 VdT~ : y 


,'2 


(5-36) 



Fig. 5-16. Receiving characteristics of the asymptotic conical monopole. 
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Here, the source is assumed to be located at a distance ro from the center of the 
aperture The coordinates in the antenna aperture plane are indicated by primes 
The radiated electromagnetic fields, (x,y,z), outside the aperture {apt) 
are then evaluated by use of the plane-wave spectrum analysis technique 6 That 
is, since 

S(k x ,k y ) = J-[[ E(x', y '<0)e«***' + V’> dx‘ dy’ (5-37) 
2ir J J* pt 

then 

E^tx.y z) - ~ J S(k x ,k y )e d k x dk y (5 38) 

where k* + k* + k 2 = k 2 = (2'ir/X) 2 These integrations are earned out using 
an FFT algonthm 

The other and perhaps more conventional technique for calculating the radia¬ 
tion field of a TEM horn is as follows Given the aperture electric field, E, in 
Eq 5 36, one can determine an equivalent magnetic current distribution, M, at 
the aperture by 


M = 2E X n (5-39) 

By use of an electnc vector potential, F, t e , 

- ( r r - e~ Jkr 

F = — M —— ds (5-40) 

477 J J apt r 

one can determine the electnc and magnetic fields through the following rela¬ 
tionships 

E = -V XF (5-41) 


and 


H = juttoF + -—— V(V F) 

/Wfio 


(5-42) 


We find that for the electnc fields 
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£T<w> = i + 7) V 5 *’*■’ <5 ' 43) 


and 


£?‘<w) = ^ JJ M,V,y')(ik+ ;) ^ < 544 > 

apt. 


and for the dominant magnetic field. 



These two techniques are used to calculate the radiation field from a TEM 
hom in the frequency domain. The receiving characteristic of a TEM horn is 
determined from the transmitting characteristic by using the Rayleigh-Carson 
reciprocity theorem in Eq. 5-3; it is shown in Fig. 5-17. 

Since the theoretical model given here is based on an assumed aperture field 
that neglects the edge diffraction and fringing field effects, a number of major 
limitations exist, although some useful engineering design concepts can be ob¬ 
tained. For example, the assumption that a TEM mode is basically guided from 
the throat to the aperture by the “nondispersive” TEM hom is somewhat ques¬ 
tionable. Particularly at the high-frequency range of the spectrum, above 1 GHz 
for example, the aperture field may be quite different from a basic TEM mode 
because of the presence of higher-order modes. Even at the lower frequency 
ranges, below 1 GHz, the magnitude of the TEM mode at the aperture may not 
remain constant because of a high, frequency-dependent input reflection coef¬ 
ficient, e.g., 0.98 at 100 MHz. 

In an effort to treat these aspects more rigorously, a formal solution to the 
TEM-hom problem using a vector integral-equation technique has been proposed. 
Using the equivalence principle, 21 the electric field E in free space generated 
by an unknown set of electric currents J on the TEM-hom plates is 
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FREQUENCY 


Fig 5 17 Receiving transfer function of the conductive TEM horn (neglecting aperture dif 
fraction) 


Here the electric vector potential, F, is given in terms of the known excitation 
equivalent magnetic current distribution, A I, by 

— Iff — e~ jUt 

F ~ "r- { M ds (5-47) 

477 J J source R 

and the magnetic vector potential, ~A, is given in terms of the unknown current 
distribution, 7 , on the TEM hom plates by 



e ~jkR 



(5 48) 


where R — |r — r'( 

Boundary conditions are such that the tangential electric field at the TEM hom 
plates is zero, i e , 

—* 

^ ^ ^|on the plates 0 


(549) 
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Substituting Eqs. 5-46, 5-47, and 5-48 into Eq. 5-49 gives 

] + [" x {" T 7// 7 
+ ^ v ■ ( v ■ ^ // 7 ^ *)}] 


-m 


R 


ds 


= 0 


on the plates 


(5-50) 


Once this electric-field integral equation has been solved for the unknown 
7 , the other EM fields everywhere may be determined by using Eqs. 5-46, 5- 
47, and 5-48. 

The derivation of the electric-field integral equation given in Eq. 5-50 is 
complete and straightforward. The solution may be obtained using the method- 
of-moments technique. The horn plates are divided into small patches. After the 
vector-integral equation in Eq. 5-50 has been decomposed into the appropriate 
coupled scalar-integral equations, two orthogonal components of current J with 
two unknown constants over each patch must be forced to satisfy the boundary 
condition. Although the matrix formulations of the problem are quite straight¬ 
forward, their solution can be extremely formidable, particularly at higher fre¬ 
quencies where each plate has to be subdivided into patches that are small 
compared to a wavelength. Although some symmetry may be used to reduce the 
matrix order somewhat, treatment of a veiy large matrix is usually involved. In 
addition, because an FFT is used to obtain the transient characteristics of the 
TEM hom, the electric-field integral equation has to be solved for a good many 
frequencies, e.g., on the order of one thousand from 10 MHz to several gigahertz. 
This is a very expensive and time-consuming process. 

To approximate the edge diffractions at the aperture and feed point of a TEM 
hom, one can examine a biconical antenna structure in which the apex angle 
and length of a bicone are adjusted to fit a TEM hom. The biconical model of 
a conducting TEM horn is shown in Fig. 5-18. For the frequency range over 
which the spectrum of the excitation has significant amplitude, a knowledge of 
both the driving-point impedance and the effective length of an antenna is required 
to obtain quantitatively the transient response of a transmitting and receiving 
TEM horn using the FFT technique. The effective length, h e (J), and the driving- 
point impedance, Z B (f), of a TEM hom based on this model are calculated using 
Eqs. 5-31 and 5-32, respectively. 

The frequency-domain representations of the receiving transfer function T r (f) 
of a conductive TEM horn are shown in Fig. 5-19 for the dimensions given in 
h§ ' 5 ' 18 ' The receiving transfer function based on the model using the assumed 
aperture field is seen to be constant with frequency in Fig. 5-17, but it shows 
very unrealistic behavior in the lower frequency range below 100 MHz. The 
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Fig 5 18 Brcomcal model for a conductive TEM horn (dimensions in centimeters) 


receiving transfer function based on the bicomcal antenna model as shown in 
Fig 5-19, however, exhibits the expected multiple reflections between the feed 
point and the aperture of the conducting TEM horn 

The measured input reflection coefficient of the conducting TEM horn is shown 
m Fig 5-20 It indicates that the reflection coefficient is very high, particularly 
in the low frequency range (0 98 at 100 MHz), and shows the oscillatory nature 
above 1 GHz because of interference between the reflection from the aperture 
and the reflection from the feed point 

The Cornell Aeronautical Laboratory (CAL) has designed a 1-m long TEM 
horn having a nonuniform line impedance matching from 50 ft at the antenna 
input terminal to 377 f! at the aperture The nonuniform line impedance matching 
was achieved by forming the TEM horn plates empirically into a teardrop shape 
A small resistance card termination was placed at the tip of the aperture to 
provide adequate current attenuation for a traveling wave With these empirical 
modifications, it was possible to reduce the length of the TEM horn to 1 m while 
achieving a reasonable reflection coefficient (less than 0 48) for the frequency 
range of 100 MHz to 2 GHz, as shown in Fig 5-20 

The receiving and transmitting characteristics of the transient responses for 
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the conducting TEM horn are calculated using the biconical antenna model; they 
are shown in Fig. 5-21 along with the experimental results. 

“TEM” Horn with Tapered Resistive Loading 

As discussed in the previous section, in order to achieve a “smooth” transition— 
i.e., a transition with low reflection—the length of a conventional conductive 
TEM hom should be at least one-half wavelength at the lowest frequency of 
interest. This means that if the lowest frequency of interest is 100 MHz, a TEM 
hom may have to be as long as 1.5 m, which is often too long for practical 
applications. A “TEM” horn with continuously tapered resistive loading is con¬ 
sidered here, therefore, for the purpose of developing a relatively short, broad¬ 
band, and nondispersive antenna with high directivity. 

Because of the presence of loss in TEM horn plates, the field patterns for EM 




Reflective Coefficient 
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waves propagating between lossy plates deviate from a pure TEM mode Since 
a resistively loaded “TEM” horn cannot support a pure TEM mode, the term 
“TEM”hom may not be truly appropriate but will nevertheless be used throughout 
(his section 

If there are abrupt changes m the characteristics of the boundary {i e , air to 
lossy TEM horn plate), the problem can be solved by finding general solutions 
for each of the regions and evaluating unknown constants by satisfying the 
boundary conditions across the plate interfaces A transcendental matrix equation 
denved by matching the field across the plate interface is likely to be difficult 
to solve in general Therefore, this section analyzes a one-dwnensional mode), 
such as the one that was used for the linear antenna with resistive loading, which 
ignores any transverse current components on the lossy plates When the horn 
angle is constant and the plates taper smoothly, it is a reasonable assumption to 
neglect transverse components of current on the lossy plates The shape chosen 
for hom plates in this study is therefore triangular Using the one-dimensional 
model that neglects any transverse component of current on the lossy plate, we 
calculate the longitudinal component of the current numerically by using the 
method of moments 

Figure 5-3 shows a typical one-dimensional structure of a TEM hom modeled 
by a V antenna with a resistive section Using a one-dimensional model, the 
current is assumed to be uniformly perpendicular to the figure and to flow m a 
single direction on each plate The incident electric field, E inc , associated with 
the current, I, and the charge density, p, on a one dimensional plate are then 
given in terms of the usual vector and scalar potentials, A and <j>, as given m 
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Fig. 5-21. Receiving and transmitting characteristics of the conductive TEM horn. 
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Eq 5-17 and 5-18 Using pulse testing and expansion functions and applying a 
finite-difference approximation to compute the charge density, p, we can arrange 
Eq 5-16 in terms of the usual impedance matrix, Z mn , associated with the current 
and voltage matrix, /„ and V„, in Eq 5-22 
The resistive-loading profile Z(s) in ohms per meter of a “ TEM” horn is given 
by the expression, 


Z(J) =fi/ m (5-51) 

'-l 

where 0 *£ s *£ Z 0 is the resistance per unit length (fl/wi) at the driving point, 
and € is the length of the “TEM” horn Equation 5-51 shows that the resistive 
loading of the “TEM” horn should increase continuously from the value 
Zo(fl/m) at the driving point to infinity at the end of the ‘TEM” horn This 
particular resistive-loading profile, which enables a “TEM” horn to handle ex¬ 
tremely wide bandwidth signals without dispersion distortion, has been the profile 
of choice of many other researchers 910 as well as of the author 11 12 In essence, 
there exists a critical value of Z 0 for which a ‘TEM” horn can sustain a traveling- 
wave current from the driving point toward the end of the “TEM” hom A 
traveling-wave structure supporting TEM-mode propagation is essential for trans¬ 
mitting and receiving a signal with large instantaneous bandwidth without senous 
pulse broadening or wide-angle side lobes 

A formal solution to the resistively loaded ‘TEM” horn problem can be for¬ 
mulated by modeling solid plate surfaces as loaded wire grids or as loaded 
patches, as discussed before Doing so extends the one-dimensional problem to 
a two or three dimensional problem by taking into account the transverse current 
components on the hom plates The method of moments gives a reasonable 
solviV,on for the frequency range in which each surface is smaller than a few 
square wavelengths Above those frequencies, the moment method unfortunately 
needs many loaded wire or patch segments and therefore many unknown currents 
if a solid surface is to be modeled accurately In this case, perhaps, the geometncal- 
theory-of diffraction (GTD) technique would provide a more efficient solution 
to the problem 

In this section, a one-dimensional model for a triangularly shaped “TEM” 
horn with resistive loading has been developed and the method of moments used 
to solve for the current distribution Physical dimensions of the “TEM” horn are 
shown in Fig 5-22 If Z D in Eq 5-51 is chosen to be about 14 fl/m, then a 36- 
cm long TEM horn can sustain a traveling-wave current along the antenna for 
the frequency range of 100 MHz: to 8 GHz When Z Q is less than 14 O/m, the 
current distribution along the antenna exhibits standing waves On the other 
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Fig. 5-22. Resistive loading profile of the TEM hom. 

hand, when Z 0 is much higher than 14 fl/m, the current distribution is over- 
damped, and the radiation efficiency of the antenna is expected to be very low 
because the antenna acts like a resistive termination. The resistive loading profile 
chosen for this study is also shown in Fig. 5-22. 

The current distributions on the resistively loaded, 36-cm long “TEM” horn 
are calculated numerically using the method of moments for the frequency range 
of 10 MHz to 5 GHz. The current distribution at frequencies above 100 MHz 
is a travelling wave, whereas that below 100 MHz exhibits a standing-wave 
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component because of a reflection from the end Figure 5-23 shows the calculated 
current distribution at 1 GHz along with the experimental results Figure 5*24 
shows the dnving-point resistance and reactance obtained from the method of 
moments along with the experimental results The impedance of the resistively 
loaded “TEM” horn typically has a resistance of about 70 fl and a capacitance 
of about 27 pF in a series configuration 

The measured input reflection coefficient of the 36-cm-long resistively loaded 
“TEM” horn typically stays below 0 5 for the frequency range from 100 MHz 
to 8 GHz, as shown in Fig 5-20 For comparison, this figure also shows the 
reflection coefficients of a 36 cm-long conducting TEM horn and a 1-m-long 
CAL TEM hom and indicates that the reflection coefficient of the TEM hom 
has been significantly improved through resistive loading and that the reflection 
coefficient of the 36 cm-long resistively loaded “TEM” horn is comparable to 
that of a 1-m long CAL TEM hom 

Once the current distribution of the resistively loaded “TEM” hom is deter¬ 
mined, the effective length, h e (f), of the antenna can be calculated from Eq 5- 
28 Using the effective length and the driving-point impedance of the antenna, 



Rg 5 23 Current distribution of the resistively loaded TEM hom 
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Fig 5 25 Receiving transfer function of the resistively loaded TEM horn 
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we calculate the frequency-domain representation of the receiving transfer func¬ 
tion of the antenna using Eqs. 5-2 and 5-3. The receiving transfer function of 
the resistively loaded “TEM” horn is shown in Fig. 5-25, along with experimental 
results. 

After obtaining the frequency-domain solution, transient fields for a known 
input waveform can be found using the FFT technique. Figure 5-26 demonstrates 
good agreement between the theoretical and experimental transient characteristics 
of the receiving and transmitting responses for the resistively loaded “TEM” 
horn. 

5.3. MAGNETIC-FIELD SENSOR 

In this section, we will discuss the receiving and transmitting characteristics of 
a loop antenna with uniform resistive loading. 

Loop with Uniform Loading 

Figure 5-27 shows the geometry and coordinate system of a loop antenna lying 
in the plane z = 0 and excited at <f> = 0 with a delta-function voltage source, 
V 0 . Let us assume that a linearly polarized plane wave E‘ impinges on the loop. 
The loop current /(4>) satisfies the following integral equation: 22 


V 0 8(<f>) + (&,<(,) = ~ J £(4> ~ 4>')/(<f>')^4»' (5-52) 


where £*(&,<{>) is the § component of the incident field, b is the loop radius, 
and t 0 is the free-space impedance. The kernel in Eq. 5-52 may be represented 
by a Fourier series as 


with 


£(4> - <K) = 2) a n e~ jn ^-^ 


(5-53) 


a n 
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kb „2 

a ~» ~ yW.+ ] + #„_,) - — N n 

kb 

TT 7T 

W J da J - r - d <t>' 
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(5-54) 

(5-55) 
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Fig 5 26 Receiving and transmitting charactensties of the resistively loaded TEM horn 
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Fig. 5-27. Configuration of a loop antenna. 


and 


r — \/4fc 2 sin 2 [(4> — 4>')/2] + 4a 2 sin 2 {al2) (5-56) 


If a < b and ka < 1, it has been shown 22 that N„ can be represented in terms 
of integrals of Bessel and Lommel-Weber functions, 23 as follows: 


rr a 2 


rlkb r2kb 

Cl 0 (x)dx + j I Jo(x)dx 
Jo Jo 


(5-57) 


and, for n 5= 1, 



1 

2 J 0 t^2„(x) + jJinix)} dx (5-58) 


where 


C n = (,n{4n) + 7 - 2 X ~~ (5-59) 

m=0 2m + 1 2 

K 0 (.v) is the modified Bessel function of the second kind, L(x) is the modified 
Bessel function of the first kind, Xl„(x) is the Lommel-Weber function, J„(x) is 
fte Bessel function, and 7 = 0.5772 is Euler’s constant. 

The loop current /(<})) can be expanded in the Fourier series, 
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= £o [cos i|j cos (4) - 4>o) 

- sin 4 / sin(<j> - <j) 0 ) cos $y kb cos(<t> 


^sin 6 


Using the integral representation of the Bessel function, 


2tt 

Uz) = ^ J * cos,|> e!*db 

0 


(5-63) 


(5-64) 


we obtain 

f„ = f~ v cos i]' e _jn *° J'„(kb sin 0) 


. , nJ n (kb sin 0) ,, 

+ f sin 4< cos 0 e ~ jn4 '° - —— (5-65) 

J kb sm 0 


Using the orthogonality property of the function, e Jni \ we obtain from Eqs. 
5-52, 5-53, 5-60, and 5-61, the Fourier coefficient of the current, 


j Vo + 2 tt 

'tr^o a n 


(5-66) 


By setting £(, = 0 in Eq. 5-63, the admittance of the loop antenna is given 
by 


Y = 



j 



oc 

2 



(5-67) 


Assuming that currents of higher order than n = 1 in Eq. 5-66 are negligible 
because of the small size of the loop, we can define the admittance for the 
magnetic-loop current (n = 0 ) as 


E 0 = 


j 

Tr ?oOo 


and the admittance for the electric-dipole current (n = 1 ) as 


(5-68) 


Y - J 2 

r ' - e#» 

Let us consider a small loop with lumped resistive loads Z„ at <j.„inan incident 
plane-wave field, as shown in Fig. 5-27. Since the total current is the sum of 
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the currents maintained by the electromagnetic forces at 4> m and by the incident 
field E' 0 , 

/(<{>} = 2 TtbEhuft) ~ /(4>o)Zdv(<!>o, 4>) ~ /(4>i)Z,v((f)i,(t)) 

-/(4.„_,)Z m _ 1 v($ m t ,4>) (5-70) 


where 


and 


«M>) = 


J /fo 1 2/iCPS 4> \ 

W «1 / 


(5-71) 




J__ /J_ 2 cos 4>„, cos 4> 
tfCo \a 0 


(5-72) 


Here it is assumed that currents of higher order than n = 1 in Eqs 5-71 and 5 
72 are negligible because of the loop’s small size By setting <j> m = litm/M 
(m = 0, 1, , M ~ 1), the currents /(<J>„,) at <$> m can be determined by 

solving an M X M set of simultaneous equations That is. 


/(<bo) [1 + Z 0 v(4> 0 ,ct)o)] + /(chOZ.v^.^o) 

+ = 2TTbE' 0 u{4>o) (5-73) 

/(<l>o)ZoV(4>o, <M + /(4 »i) [1 + Ziv(<j>,4>i)l 

+ = 2nbEnii{<\)\) (5-74) 


H4 , n)ZnV((J>o. 1 ) + 

/(4>m-i) [1 + = 2-nbE' Q u($ m - x ) (5-75) 

We can rewrite these in matrix form as 

(A] |/] = [B] (5-76) 

where 

l + z 0 v( 4 > 0 , <bo), Ziv(d)i, 4 > 0 ), 

ZoK'f'ot <)>i), 1 + Z|V(<j>t, <J>j), 

2d v (4’0, 4>m-l), , 1 + Z m _ lV((|) m _,, 4>„_|) 
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[/] 


/(4>o) 
/(4»i) 




(5-78) 


h(4>o) 


[Fj = 2TTbE‘ 0 


l) 


(5-79) 


The current J(<j> m ) at <j),„ can be obtained by solving the matrix equation, 

[/] = [A]- 1 [B] (5-80) 

A wire loop antenna with a loop radius of 0.05 m and wire radius of 1.8 mm 
is examined in order to understand the effect of a uniform resistive loading in 
a loop antenna. Figure 5-29 shows the frequency-domain representation of the 
receiving transfer function of a resistively loaded loop antenna. The total imped¬ 
ances around the loop are chosen to be 800 fl (i.e., 2.55 kfl/m) and 4 kfl (i.e., 
12.7 kO/m). For comparison, the receiving transfer function of a conductive 



Rg. 5-29. Receiving transler functions of resistively loaded loop antennas: 
(b) 800-!! loading, and (c) 4-kfl loading. 


(a) no loading, 
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loop antenna of the same size without resistive loading is also shown in this 
figure Obviously, it is possible to achieve the broadband response of a loop 
antenna by uniform resistive loading It has been noted, however, that the re¬ 
sistive loading reduces drastically the sensitivity of the magnetic response of a 
loop antenna, whereas that of the electric response is not much affected M 75 For 
example, it has been found that the response of a loop antenna with 4-kfl resistive 
loading is due predominantly to the electric field and only slightly to the magnetic 
field, causing the loop antenna to behave as a resistively loaded dipole Time- 
domam responses of loop antennas with 0, 800-fi, and 4-kfi resistive loading 
are shown in Fig 5-30 

The development of the singularity expansion method (SEM) 26 permits one 
to describe the distributed parameter problems of electromagnetics by the same 
pole-zero representations used in the analysis and synthesis of lumped circuits 
and control systems The SEM representation has been developed here for an 
investigation of analysis and synthesis problems for a uniformly loaded loop 
antenna 27 

In the theoretical development given here, impedance loading is provided by 
lumped, discrete elements Of course, as the number of such elements increases, 
the effect is to approximate uniform resistive loading We now consider the 
effect of uniform loading with distributed impedances per unit length Including 
the electromotive forces equivalent to these distnbuted impedances, and omitting 
the incident field contribution, the integral equation Eq 5-52 becomes 


^ / £(4> - 4>')/(4>W 


+ —p/(4>) = v o (j)8(40 


(5-81) 
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where Z L (s) is the total impedance around the loop, i.e., Z L (s)l2nb is the 
impedance per unit length, where b is the loop radius. 

Using the Fourier series expansions of the kernel given in Eq. 5-53 and the 
current given in Eq. 5-60, the loop admittance for the uniformly loaded loop is 
given by 


n, = 


-] 


rr£ 0 L^O) “ jZds)h t£ 0 J 


(5-82) 


which has poles at frequencies, s = s„ h such that 

a„(s„i) = jZd^ni)/^lo (5-83) 


Using a partial fraction expansion for the admittance of a uniformly loaded 
loop, 


-1- = V (5 .84) 

ajs) - jZ L (s)/7TL,o , J - .V,„ 

where the residues R ni can be determined by 


R„, = 


1 


—(a n (s) - jZ L (sy-n{o) 


as 


(5-85) 


the SEM expansion of the current is then given by 

/ “ R e~ Jni> 

/(*) = ~ 2 Stt—w 

/i= — a; I S $ni 


(5-86) 


Taking the inverse Laplace transform of Eq. 5-86 term by term, the time- 
domain expression for the uniformly loaded loop current is given by 


ce 




* V 0 (0 


e -jn$ 


(5-87) 


where the asterisk, *, denotes the convolution operation. Figure 5-31 shows the 
pole trajectories for resistive loading for the primary poles of a loop antenna 
witii ft = 2fn(2rr b!a) = 10. A procedure for synthesis of the loop response 
relies on using the resistive loading to shift the poles to new positions in order 
to obtain the desired response. 
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Fig 5 31 Trajectories of the primary poles of the resistively loaded loop as a function of 
resistive loading 


5 4 CONCLUSIONS 

Tins chapter has discussed various sensors and radiators commonly used for 
time domain antenna measurements The sensors and radiators discussed here 
are passive and analog devices that convert the electromagnetic quantity of 
interest to a voltage or current at their terminal ports Moreover, they are primary 
standards in the sense that their transfer functions can not only be calculated 
from their geometries but also be made flat (constant) across a wide frequency 
range One of the major requirements for these sensors and radiators is that the 
electromagnetic far field, transmitted or received, is a replica or high fidelity 
derivative of the original pulse * Note that the transmitting transfer function of 


♦Sicnal processing can relax this requirement—to some extent at least (See Chapters 12 and 13 ) 




TIME-DOMAIN SENSORS AND RADIATORS 173 


an antenna is proportional to the time derivative of the receiving transfer function 
of the same antenna, a relationship that follows from the reciprocity theorem. 

For electric-field-strength measurements, linear antennas loaded nonuniformly 
and continuously with resistance or with both resistance and capacitance were 
also discussed, as were a conical antenna and an asymptotic conical antenna 
from the standpoint of improved characteristics. In order to achieve an improved 
directivity, various types of TEM horn were evaluated, e.g., a conducting TEM 
horn and a resistively loaded TEM horn. For magnetic-field-strength measure¬ 
ments, a loop antenna with uniform resistive loading was considered. These 
antennas are capable of measuring fast, time-varying, impulsive EM fields with 
minimal pulse-shape distortion caused by nonlinear amplitude or phase char¬ 
acteristics. 
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6.0 INTRODUCTION 

This chapter describes some of the instrumentation used to measure transient 
electrical signals in the time domain. These signals may come from any number 
of phenomena, either natural or man-made, which can be converted to an elec¬ 
trical signal by means of some sensor or transducer. A list of such phenomena 
can include blast and shock, electromagnetic effects (lightning, EMP), voltage 
and current, optical effects, ionization, radiation, or any of many other transient 
occurrences. The signals to be measured may be of an extremely fast nature, 
having transition times on the order of nano- or even picoseconds. 

The instrumentation used will depend both upon the type of the signal to be 
measured and upon the intended use of the resultant data. The instrumentation 
system may therefore range from a single instrument to perhaps several rooms 
full of instruments making parallel measurements, with sophisticated signal pro¬ 
cessing, recording, and analysis of data. 

The signal may be a single, isolated transient, such as from an underground 
nuclear test, or it may be in the form of a repetitive sequence of pulses. The 
latter case is, in general, simpler to measure and provides detection of much 
faster rates of signal change. 

The intended use of the data may be quite simple, or it may be very complex. 
Perhaps all that is required is a quick look at single-pulse data such as can be 
seen on the CRT screen of a storage oscilloscope or on the video display of a 
transient digitizer. A permanent record of the data may be obtained by photo¬ 
graphing the oscilloscope screen or by digitally plotting a digitized data record. 
Extensive processing of the data is sometimes required, dictating the use of 
transient digitizers and computers, this being particularly true in large facilities 
where the same type of data is obtained many times during a test program, and 
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the same type of processing must be applied to many data sets Inherent in this 
type of system is central storage of the data, both raw and processed, and perhaps 
access to it by a multitude of users In such a system, many different but related 
phenomena may be simultaneously recorded by the data system An example of 
such a system, where data system performance and reliability are critical, is an 
underground nuclear test 

An “ultimate” instrumentation system may then be described that performs 
all of the data acquisition and manipulations envisioned Figure 6-1 shows a 
simplified block diagram of such a system that might also include control of the 
source that generates the phenomena of interest The first row indicates one of 
many possible data channels in the system The path of the analog data is indicated 
by single, solid arrows The path of the digitized data is indicated by double- 
line arrows Control signals are indicated by dashed arrows 

The requirements of a particular system may result in the use of a subset of 
the full system shown in Fig 6-1 The simplest system that can be envisioned 
would consist only of a sensor, data link (e g , cable), waveform recorder, and 
display A very large system could consist of several tens of hundreds of data 
channels with extensive computer processing of the data 

Data systems may also be classified as either laboratory or field systems A 
laboratory system vs typically pat together by an individual or small group and 
is used by those who assembled it It will usually have several idiosyncrasies 
well known to the users but that might make it very difficult for an outsider to 
master A field system or production system, on the other hand, must be capable 
of being operated by technicians or others who did not design and build it It 
must, therefore, be simple and logical to operate Furthermore, operations and 
maintenance manuals describing both hardware and software must be included 
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The larger and more complex the system, the larger fraction of the total design 
effort that will be software. 

The instrumentation discussed in this chapter will, in general, be the state-of- 
the-art of commercial hardware circa 1983. It may include some very recently 
developed instruments or ten-year-old equipment that has yet to be replaced by 
something better. 


6.1 SIGNAL DETECTION 

Signals from many different kinds of physical phenomena may be converted to 
electrical signals by means of transducers. Here, we will specifically discuss 
only those transducers (sensors) that measure some electromagnetic field com¬ 
ponent or electrical signal. There are four distributed quantities that are directly 
related by the Maxwell and constitutive equations, namely, magnetic field, volt¬ 
age density, electric field, and current density. The electric signals of interest 
are voltage and current. An excellent overview of the theory and the particular 
sensors derived from that theory is contained in References 1 through 3. 

This type of sensor is defined as a special type of transducer with the following 
properties: 


1. It is an analog device that converts the electromagnetic quantity of interest 
to a voltage or current at its output terminals. 

2. All electromagnetic quantities other than that of interest are rejected by 
the sensor. 

3. It is a primary standard in the sense that its sensitivity for converting 
fields to electrical signals is determined only by its geometry; it is “cal¬ 
ibrated by a ruler.” 

4. It is passive so that active circuit elements do not have to be calibrated. 

5. Its transfer function is designed to be simple across a wide frequency 
band. This may mean volts per unit field or time derivative of field, for 
example, or some other simple mathematical relationship. 

6. It is designed to have a specific, convenient sensitivity for its transfer 
function, such as a current probe with an impedance transfer of 5 ohms. 

2. It is optimized for maximum bandwidth and sensitivity in a manner similar 
to gain-bandwidth product or in terms of energy extracted from the in¬ 
cident volume per sensor volume. 


The nomenclature for these sensors, developed by the Air Force Weapons 
Laboratory, is included in their Sensor and Simulation Note publications. Com¬ 
prehensive lists of references pertaining to these sensors are available.'- 3 
Electric-field and charge-density measurements are made with an electric di- 
p °le sensor. The shape of the dipole elements are calculated to give a known 
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sensitivity, as for example, the Hollow Spherical Dipole (HSD), Asymptotic- 
Conical Dipole (ACD), and Parallel Plate Dipole (PPD) This sensitivity is char 
actenzed by an equivalent area, A eq , when the load impedance is small compared 
to the source impedance (Norton equivalent circuit), and the sensor measures 
the incident current density (including displacement current) by giving the output 
current 


/« = *«, | ^ ( 6 - 1 ) 

When the load impedance is large compared to the source impedance (Thevemn 
equivalent circuit), the sensitivity is characterized by an equivalent length, 
7 eq , and the. sensor measures the incident electric field by givmg, the output 
voltage 


V a = 7,, 1 (6-2) 

When the sensor is electrically small enough (dimensions much smaller than a 
wavelength), the equivalent length and equivalent area can be related by the 
dipole element capacitance, C and the permittivity of free space, as follows 

A cq = — I", (6 3) 


Magnetic field and current-density measurements are made with a magnetic 
dipole sensor, which usually takes the form of an. extended-axis loop (a cylinder) 
in order to reduce the inductance and increase the bandwidth Different methods 
of sampling the signals induced on the loop lead to different specific types of 
sensors, such as the Multi-Turn Loop (MTL), Multi Gap Loop (MGL), and 
Cylindrical Moebius Loop (CML) When the inductance (source impedance) is 
small compared to the load impedance, the sensitivity is characterized by an 
equivalent area which measures the time-rate of charge of H as follows 


Vo — A cq (6-4) 

For large inductance, the sensitivity is characterized by an equivalent length 
f cq which measures R from the equation. 


lo = 7 eq H 


( 6 - 5 ) 
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The sensitivity quantities are related by the inductance and the free-space per 
meability, as follows: 


A 


eq 



( 6 - 6 ) 


Currents can also be measured by a sensor that inductively couples to the 
magnetic field produced by the current. This inductive coupling is achieved by 
means of a toroidal configuration through which the incident current passes. For 
the case of an I-dot probe, where the inductive coupling is small, it is charac¬ 
terized by a mutual inductance, M, which related the sensor output voltage to 
the time derivative of the total current, /,, through the center of the toroid, as 
follows: 

n 

V 0 = M-I, 
dt 

I, = A eq • 7 (6-7) 


where J is the current density through a toroid of area 7 cq . 

When the inductance of the toroidal cavity is large, which can be achieved 
by filling the cavity with a high-permeability material such as iron or a ferrite 
ceramic and by winding this material with many turns of wire, n, the sensitivity 
is characterized by the flux linkages of the primary and secondary windings, as 
follows: 


1 

/» = -/. ( 6 - 8 ) 
n 

When this output current is driven into a standard load impedance (typically 50 
ohms), the sensor is characterized by a transfer impedance, Z T , calculated from 
the following: 


Vo = Zjl, (6.9) 

The I-dot probes can be made to fit (1) around an existing structure, as in the 
Circular Parallel Mutual inductance sensor (CPM); (2) as part of the outer con¬ 
ductor of a coaxial cable, as in the I-dot One-Turn Insertion Unit (III); (3) as 
the outer tube of a particle-beam device or large coaxial pulsed-power source, 
as m the Outside Moebius Mutual inductance sensor (OMM); or (4) as an integral 
Part of the current-carrying conductor, as in the Inside Moebius Mutual indue- 
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tance sensor (IMM) For measuring currents normal to a conducting surface, 
such as photoelectric or Compton currents, there is the Flush Moebius Mutual 
inductance sensor (FMM) 

Voltage measurements are sometimes made between conductors of a system 
for transient signals This is usually done with probes that have input impedance 
high enough to be similar to electric field sensors Care must be taken in making 
and interpreting voltage measurements because, at high frequencies, conducting 
surfaces may not be considered as equipotential surfaces, significant voltage 
differences may exist (and be measured) between different points on the same 
conductor 

6.2. SIGNAL TRANSMISSION 

Once the selected sensor or probe has detected and converted the desired mea¬ 
surement parameter into an electrical signal, this signal must be transmitted to 
the recording instrumentation Common transmission methods include shielded 
cables and fiber-optic, radio, and microwave telemetry links 

Where test-volume field strengths are low, shielded cables—such as shielded 
coaxial or twin-axial transmission lines—provide an adequate means of signal 
transmission, provided they do not cause any perturbation of the simulation 
environment or the test object responses If the cable shield does not provide 
adequate shielding of the inner conductor(s) or if the experiment ground system 
geometry andior power system permits any shield currents to flow, however, 
induced noise may mask the signal of interest 4 To provide adequate isolation 
between the recording instrumentation and the test volume, telemetry links op 
erating through free space (radio, microwave, or laser) or through dielectric 
waveguides (fiber optic or microwave) may be utilized 5 

Line of sight radio, microwave, or laser links have the disadvantage of re 
quinng transmission and reception antennas so placed as to provide reliable 
communications The antenna and transmission lines themselves are subject to 
interference from the signal source The center frequency of a radio type link 
must be sufficiently high in frequency to be unaffected by high-frequency com 
ponents of the signal source and to support the required wide bandwidth to pass 
all signals of interest 

The use of a microwave transmitter operating into a dielectric waveguide 
overcomes these particular limitations Dielectric waveguides however, are rel¬ 
atively large and bulky, must be protected from the elements (moisture and dust), 
and must not interact with nearby surfaces Microwave links operating in this 
manner sometimes require daily tuning because of the environmentally induced 
degradation in the waveguide and microwave beam launch polarity sensitivity 
It is thus imperative that a stable calibration source be included in the transmitter 
package 
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The microwave, telemetry-link transmitter package uses a rechargeable battery 
pack. The internal microwave emitter requires a good deal of power, necessitating 
a large battery size. The transmitter must also be adequately shielded to prevent 
unwanted signal coupling between the transmitter electronics and the signal 
source and the test object. 

The past decade has seen the introduction of wideband, fiber-optic telemetry 
links operating over small, lightweight, dielectric fiber-optic cables. Both light- 
emitting diodes (LED) and solid-state laser diodes are in use as emitters in fiber¬ 
optic (FO) transmitters. Today’s LEDs and laser diodes require only a modest 
amount of bias current—typically 10-200 milliamperes, which reduces battery 
requirements. 

Fiber-optics cables are easily handled with performance unaffected by nearby 
obstructions, moisture, etc. Although the use of FO telemetry links has eliminated 
most of the problems associated with microwave telemetry links, they have 
introduced a whole new set of problems, most of which are associated with the 
proper handling and maintenance of the FO cables and connectors. 6 

Step-index fibers are typically subject to high-attenuation and low-bandwidth 
characteristics and are best used for short and lower frequency links. Plastic- 
clad silica (PCS) fibers are also temperature sensitive, with the cladding becoming 
denser at low temperatures (approximately — 30°C) to the point of no longer 
performing as a waveguide. At high temperatures (approximately +55°C), they 
turn soft and become fragile. The PCS fibers are also subject to pistoning of the 
core, which is a breaking of the cladding-to-core bond. They are, however, quite 
resilient and, when combined with a loose buffer jacket to prevent crushing of 
the fiber and strengthened with a tough flexible outer jacket, constitute a quite 
rugged cable. The PCS fibers have also been found to be the most radiation- 
resistant FO cables. 7 Glass-on-glass, step-index fibers have less temperature 
dependence and are less prone to pistoning. The glass-on-glass fiber is much 
more easily broken however, and most glass-fiber cables will snap when bent 
sharply. 

Most step-index fibers have a large acceptance cone and a large cross-sectional 
area (100 to 200 microns) and are thus commonly used with LEDs, which have 
a large launch angle. Graded-index fibers have much lower attenuation char¬ 
acteristics and much wider bandwidth, but they also have a much smaller ac¬ 
ceptance cone and smaller cross-sectional area (approximately 50 microns), de¬ 
creasing the emitter-to-fiber optical energy transfer efficiency. 

The primary problem with all types of FO cables used for test measurements 
1S ln makin S connections. PCS fibers are difficult to glue and require special 
Preparation to prevent a weak bond between the cladding and the connector 

lass fibers usually must be etched to provide a proper surface for glueing 
sac connectors tend to wear and are easily distorted, but when reproducibility 
a major concern, as in digital transmission, they are inexpensive and easily 




and (b) ODL 6 controller 
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terminated. For the smaller, graded-index fibers, various schemes are utilized 
to guarantee reliable and accurate alignment of fiber ends. Special care must be 
given to die termination ends on all FO cables, for example, covering the con¬ 
nector ends when not in use, and inspecting connector ends prior to mating. 

Fiber-optic links add signal degradation between the sensor output and the 
recording-instrumentation input, as do the other types of data links. This deg¬ 
radation comes from noise added to the signal, bandwidth limitations, and band¬ 
pass ripple or variation of gain with frequency. Many of the data links available 
today include selectable attenuators (either manually or remotely controlled) to 
extend the dynamic range in the same manner as selectable vertical amplifier 
gains do in oscilloscopes. They extend the usable dynamic range from 30 to 40 
dB to over 100 dB. Many data links also include built-in calibration sources as 
a means of accurately determining both pulse response and system gain. Some 
data links also include built-in baluns for interfacing to differential sensors and 
integrators for converting the time-derivative output of field sensors to the actual 
time variation of the signal being measured. Integrating before data transmission 
is advisable because of the limited dynamic range of the data link. 

Remotely controlled data links allow the user to turn on the transmitter only 
when needed, thus extending the battery life. Utilizing a computer interface with 
the data-link control provides automatic setup and logging of data-link settings 
and also allows automatic calibrations to be performed. Software can then au¬ 
tomatically correct later test data for attenuation and link performance. 

Figure 6-2 shows a typical EMP-hardened, wideband, fiber-optic telemetry 
system. The transmitter unit in this particular system (a) provides eight separate 
50-ohm inputs, any one of which may be selected via remote control. Also 
included are an internal bipolar-pulse-calibration generator, a TDR option for 
checking current-probe integrity, an external rechargeable battery pack, and local 
microprocessor control. The microprocessor-driven receiver/control unit (b) pro¬ 
vides a single-ended, 50-ohm, unbalanced output; front-panel controls; verifi¬ 
cation displays; either an RS-232 or IEEE-488 computer interface for remotely 
controlling the transmitter; and a battery charg,r. The FO-link-signal bandwidth 
>s 1 kHz to 130 MHz (half-power points), with a dynamic range of 30 dB 
(measured as the ratio of a 1-dB compressed, unipolar pulse to tangential noise) 
or 42 dB (measured as the ratio of a 1-dB compressed, peak-to-peak signal to 
mis noise). Tangential noise is defined as the amplitude of the envelope of the 
noise and is about 7 dB greater than the rms noise value. 

6-3 SIGNAL CONDITIONERS 

Speckd signal conditioning may be required prior to sending the detected signal 
the recording instrumentation. Derivative sensor outputs are best integrated 
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prior to digitization because of the limited dynamic range of both telemetry links 
and recording instrumentation (Typical FO links and oscilloscopes have a dy¬ 
namic range of approximately 32 dB and 8 bit digitizers have a dynamic range 
of 48 dB ) In addition, a time derivative output may have extremely fast nse 
times (<1 ns) whereas FO links may have nsetimes of approximately 3 ns and 
recording instrumentation, of 1-3 ns 

Differential outputs of free-field sensors and differential voltage probes are 
converted to single ended signals for input to telemetry links or to oscilloscopes 
and digitizers Baiuns are used to match impedances properly and to provide a 
single ended unbalanced output These may be mounted either internally or 
external to the telemetry links 

To extend the useful dynamic range of telemetry links, attenuators are often 
built into the link front ends Preamplifiers are also often needed for the detection 
of extremely small signals Such amplifiers are available both as stand alone 
units and as integral components m FO links 

When long runs of cable are used for signal transmission, some sort of cable 
compensation is required because of the frequency-response degradation from 
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skin-effect losses. Standard three-section bridged-T compensators are available 
for this purpose. 8 They must be tailored for each particular cable type and length 
or customized for a given cable installation. Figure 6-3 depicts a number of 
typical signal conditioners. 

Once the signal has arrived at the recording instrumentation, it may need to 
be sent to several instruments simultaneously, often to allow the recording of a 
single-shot event at several different vertical and/or time-base settings. Passive 
power-splitters may be used, but these introduce attenuation and do not have 
completely independent outputs. For these reasons, an active signal divider has 
been developed containing multiple distribution amplifiers. 9 

As shown in Fig. 6-4, the function of the distribution amplifier is to provide 
up to four outputs identical to the input signal regardless of the loads on the 
other three outputs. It isolates each output from the other three with impedances 
matched so that the impedance looking into any stage in either direction is 50 
ohms. Symmetrical overload protection is provided in the input circuitry for 
each channel by Schottky diodes. 

Although not a signal conditioner, another piece of equipment often utilized 
in a transient recording system is the Programmable Trigger Delay (PTD) unit. 
The PTD provides multiple, independently adjustable time-delay trigger outputs 
from a single trigger input. Various trigger delays are required to adjust the 
signal presentation on recording instrumentation, either for close examination 
of different positions of the signal (in time) or simply to compensate for long 
cable runs. 



Fig. 6-4. Active signal-divider distribution amplifier. 
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6.4 WAVEFORM-CAPTURING INSTRUMENTATION 

The next step m the measurement sequence is signal acquisition, which is ac¬ 
complished with either an oscilloscope or some sort of analog-to-digital converter 
(ADC) 10 Digitizing of an acquired signal is required for storage and further 
processing Although digitizing may not be required for many quick-look ap¬ 
plications, some means of signal storage is usually desired and is mandatory for 
single-event transient signals 

A high-speed oscilloscope equipped with a camera and very high speed film 
will provide this capability but requires good operator technique to capture every 
desired signal successfully A high speed storage oscilloscope can eliminate 
much uncertainty once the proper intensity and persistence settings have been 
found for a particular combination of sweep speed and amplifier gain A photo 
may then be taken of the stored trace with low-speed film 

For repetitive signals, digitizing oscilloscopes may be used These may be 
either the sampling-oscilloscope variety, where the digitization is inherent in the 
signal capture but the display is usually analog, or the type where the signal is 
processed by conventional oscilloscope techniques, then digitized using analog- 
to-digitai circuitry and stored and displayed as digital signals The first technique 
is exemplified by the Tektronix 7S11/7T11 sampling plug-ms for the 7000 series 
of oscilloscope mainframes, and the second by the Tektronix 7854 mainframe 
which accepts most of the 7000 senes plug-ms The two techniques can even 
be combined by utilizing the 7S12 TDR plug-m as a sampling input in the 7854 
mainframe (the 7T11 time-base is not compatible with the 7854 when the stored 
mode is used) 

A wide variety of instruments are available for signal digitization Table 6-1 
contains a listing of ADC techniques available today Most waveform capturing 
instruments on the market utilize either successive approximation or flash con¬ 
verter ADCs The others use scan-converter tube technology, as m the Tektronix 


Table 6-1. Analog-to-Digital Conversion Techniques. 


ANALOG BANDWIDTH 

SAJ.JPLE RATES 

DEVICE 

dc 

5-500 Hz 

Integrating ADC 

dc-I kHz 

1-500 kHz 

Voltage to frequency converters 

dc-100 kHz 

0 1-2 MHz 

Successive approximation ADC 

dc-tO MHz 

1-50 MHz 

Flash converter ADC 

dc-80 MHz 

200 MHz 

Electron bombarded semiconductor (EBS) tube 
(Tektronix 7612D) 

dc-500 MHz 

100 GHz 

Scan converter tube (Tektronix 77 12AD) 

dc-500 MHz 

1 GHz O 

Charge coupled devices (emerging 


technology), an LLNULANL Q-dot 
instrument is being built in this range 
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Model No. 7912AD and the Invatsu Model No. TS8123 transient digitizers, or 
the Electron-Bombarded Semiconductor (EBS) tube used in the Tektronix Model 
No. 7612D." 

Waveforms acquired by the Tektronix 7912AD can be viewed directly on a 
video monitor in real time as they are acquired. Waveforms stored in memory 
can be displayed on an X-Y-Z monitor. The Tektronix 7912AD operates very 
much like a conventional oscilloscope. The input signal is connected to the input 
of a Tektronix 7000 series vertical plug-in unit to drive the vertical deflection 
amplifier, and a Tektronix 7000 series time base plug-in unit drives the horizontal 
deflection amplifier at calibrated sweep speeds. In place of the conventional 
oscilloscope CRT, the Tektronix 7912AD contains a scan converter tube in which 
the input waveform is written on and read from a diode matrix target as in a 
vidicon TV camera. 12 The scan-converter electron tube contains two electron 
guns at either end of the tube with the target between them. The beam from the 
reading electron gun continuously scans the target at a slow speed, charging 
each diode in the array. The beam from the writing electron gun is vertically 
deflected by the input signal and swept horizontally across the target by the time- 
base ramp. This electron bombardment discharges adjacent diodes in the target. 
When the reading beam again scans the target, the discharged diodes are re¬ 
charged, thereby causing a signal current to be detected at those locations in the 
target. Wherever the target was not written, the diodes are still charged, and 
little or no current flows. The locations where the current does flow thus gives 
a digitized waveform. 

Each of the two channels in the Tektronix 7612D contains an Electron-Bom¬ 
barded Semiconductor (EBS) tube to perform the analog-to-digital conversion. 13 
The EBS tube contains a target at one end and an electron gun at the other. The 
target is arranged as an eight-bit gray-code-pattern diode array. The beam is 
deflected vertically across this array by the corresponding analog input-signal 
level. Whenever the beam penetrates a diode junction, that diode conducts and 


generates an output current. The tube output is continuously sampled by memory 
at 5-nanosecond intervals. The time base then selects samples from this contin¬ 
uous stream and stores them in the waveform memory at the programmed sample 
rate. Since the tubes are continuously scanned and sampled, both pre- and post¬ 
triggering capabilities are provided. 

The future of transient recorders appears to lie in the use of charge-coupled 
devices (CCD). Using a string of CCD charge wells and a fast clock to transfer 
charge from well to well permits fast analog storage of the input signal. 10 The 
charge levels can then be clocked out at a slower rate to a more conventional 
ADC for digitization. Problems associated with this technique include the amount 
o resolution available and charge losses in the CCD wells. Digitizing oscillo- 
scopes based on this technology have been recently introduced, the Philips Model 
No. PM3310 and PM3311. As the CCDs improve, the problem of developing 
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fast enough clocks arises The National Bureau of Standards has recently de¬ 
veloped and tested a 100-GHz Josephson junction binary counter 11 

6.5 DATASTORAGE 

The two primary techniques for storing acquired signals are a photograph of an 
oscilloscope trace or direct digitization of a signal Photographs may be digitized 
through the use of a graphics tablet 8 They are converted to a data file by locating 
points on the film to predetermined X-Y coordinates on the tablet Once the 
operator enters X-Y coordinate scale factors, the digitized film data may then 
be treated as any other digitized file record 
After it has been digitized, acquired signal data may be stored on a number 
of different media—magnetic tape, diskettes, or disks Typical systems first store 
the data on either a large removable disk or a removable diskette For archival 
purposes, files arc stored on magnetic tape or removable diskettes 

6.6 DATA PROCESSING (AND DISPLAY) 

Various degrees of processing may be applied to digitized data 8 The simplest 
form is the generation of raw data displays The numeric data file is converted 
into a conventional X-Y plot resembling an oscilloscope display Figure 6 5 
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Fig 6 5 Raw data display 
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depicts an actual raw data plot of a transient signal recorded in an automatic 
data acquisition system. 

The next level of processing includes proper scaling of the plot; e.g., con¬ 
verting the display into engineering units. The processing system may then 
remove (deconvolve) effects on data caused by the transfer function of each item 
in the data path, e.g., gain, attenuation, risetime, etc. Various user-specified 
processes may then be employed to manipulate the data further. In Fig. 6-6, the 
signal risetime has been calculated, the waveform has been compared to a known 
curve, and a best-fit algorithm has been utilized to define the signal more closely. 
Various standard math packages are available to provide other processing, such 
as Fourier transforms to give frequency-domain plots. (See Chaps. 12 and 13 
for additional discussion of signal processing.) 

Acquisition of Electromagnetic Pulse (EMP) data is a complex operation 
because of signal characteristics that can embody a fast risetime leading edge 
(<10 ns) and a slow decay (microseconds) in the form of a double-exponential 
or a damped-sinusoidal waveform. No one data-recording device possesses the 
ability to capture the thousand-to-one characteristic times of this signal. To 
overcome this recording limitation, it is necessary to employ multiple recorders 
set to different sweep speeds. For example, Fig. 6-7 identifies a method used 
to characterize a complete EMP simulator free-field environment using either 
transient digitizers or storage oscilloscopes. The signal is recorded on three 
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recorders, each with a different time-base setting. The recorded data is then 
processed to construct a single composite trace by matching segments of the 
three recordings (“time-tying”)- It has been found that a difference from one 
time-base setting to the next by a factor of five is the limit for achieving con¬ 
sistently good reconstructions of recordings. Therefore, 10/50/250 ns/div or 
20/100/500 ns/div settings are possible choices for recording signals of 1- to 5- 
microsecond durations. Note that two recorders are normally not adequate be¬ 
cause of the long duration of the signal. The data processing system can then 
“time-tie” these traces to form an overall picture of the signal while retaining 
required time-sample resolution of the fast risetime. 

6.7 CONTROL SYSTEMS 

The discussion up to this point has been restricted to the signal acquisition portion 
of an experiment. If computers are incorporated into such a system, the next 
logical step is to provide for some means of automatic control of the instru¬ 
mentation. To automate the data acquisition process, a control system can be 
implemented to provide command and control (C&C) signals to various system 
components. 

Such a C&C system can provide automatic control of the instrumentation 
setup, e.g., digitizer vertical and time-base settings, telemetry link settings, etc. 
The instrumentation settings and calibration data may then be stored for further 
processing of the acquired data as previously discussed above. Most important, 
atrue record of experiment conditions is logged, thus ensuring an accurate history 
of the experiment. 

The C&C system can also control the pulse generator, providing automatic 
setup, warning, and firing of the source. In a complete system, the operator 
would input an experiment menu, including source settings, sensors to be utilized, 
telemetry link requirements, digitizer settings, and a time-sequenced order of 
events. The system would then automatically sequence warning indicators, set 
up the source and instrumentation, fire the source, trigger the instrumentation, 
and store the resultant data. Following data acquisition, the controller would in 
sequence turn off the pulser, telemetry links, and warning indicators. The data 
base may include calibration data, a sensor library containing appropriate sensor 
and signal conditioner functions and correction factors, and instrumentation set¬ 
tings that will allow for immediate and automatic correction of the acquired data. 
The corrected data would then be displayed in engineering units. 


6.8 ISOLATION OF MEASUREMENT SYSTEM 

In many types of tests, measurements must be made in severe electromagnetic 
environments. These include nuclear source regions (underground tests), elec- 
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tromagnetic pulse simulators, lightning stonns, X-ray machines, etc The fields 
generated in such environments can couple directly into the recording equipment 
and significantly distort the desired signal Figure 6 8 shows one possible effect, 
in which not only is the amplitude of the waveform severely distorted, but the 
time base has actually reversed its direction Such waveforms have actually been 
obtained in practice' 

A proper data system, therefore, must prevent coupling from the test envi 
ronment to the measurement system, affording screening from radiated electro 
magnetic waves, for example, and, more important, shielding of currents induced 
on test cables and power lines The best method for screening the instrumentation 
is to place a barner between it and the source that is impervious to electromagnetic 
waves propagated through space or along cables or other conductors l4 ~ 17 The 
barrier must therefore be a closed topological surface, and all penetrations must 
be properly treated to prevent the passage of electromagnetic energy Such 
barriers are usually called ' screen boxes’ or “screen rooms,” depending upon 
their size None of them are ever perfect in actuality but do supply a significant 
amount of shielding 

Penetration of electromagnetic energy into the enclosure can occur m three 
ways diffusion of fields through imperfectly conducting walls, field penetration 
through holes or apertures in the walls, and current injection into the enclosure 
via penetrating conductors that are necessary to supply power to the mstrumen 
tation and supply input and output signals If the walls are constructed properly, 
such as with sieel or aluminum sheets or with double layers of metal screen 
wire, then the barrier effectiveness is determined not by the walls but rather by 
the apertures and penetrations 

The apertures include not only the doors, but also windows, air vents, seams 
and joints in the walls, and connector and pipe flanges The doors must be 
electrically sealed when closed, usually by means of metal gaskets known as 
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“finger stock.” Windows can be covered with conducting screen. Ventilation 
ports and penetrations for nonconducting lines, such as pneumatic lines, sewer 
lines, etc., can be treated by using waveguides beyond cutoff. 

Cylindrical conducting tubes form transmission lines for microwave energy 
but possess a cutoff frequency below which energy will not propagate, that is, 
when the wavelength is about twice the cylinder diameter. Below cutoff, the 
attenuation of electromagnetic energy for each unit increase in the length-to- 
diameter ratio is about 30 dB (a factor of about 1,000 in power) for each length 
of the tube equal to its diameter. A length of five diameters will thus provide 
shielding of 150 dB, a figure usually considered adequate. Many such small 
tubes may be stacked together and electrically bonded to make a grill for ven¬ 
tilation, etc. It should be emphasized that any conductor that penetrates through 
one of these waveguides totally voids the shielding of the entire enclosure! 

The penetrations of electrical conductors into the enclosure, called “deliberate 
penetrations,” are normally the limiting factor in determining shielding effec¬ 
tiveness. It is sometimes possible to eliminate them completely by operating in 
a screen box and powering the instrumentation with batteries and an invertor. 
Most installations, however, require the use of 60-Hz power that comes from 
an outside source. 

To prevent significant coupling of electromagnetic energy into the shielded 
enclosures on power lines, filters that attenuate high-frequency signals may be 
utilized. Enclosures that contain communications equipment such as radios have 
a more serious problem because filters cannot be used at radio frequencies. Such 
radios, or at least their RF sections, must be enclosed in a separate shielded 
enclosure. Several papers on the subject of shielding and shielding topology 
have recently appeared. 17-20 

Signal cables that enter the enclosure represent a special type of penetration. 
Most of these are high-frequency coaxial cables that penetrate the shield wall 
via bulkhead connectors. The outer conductor of these cables, that portion ex¬ 
terior to the enclosure, can be considered as an extension of the shield wall. If 
it is of good quality, it will not cause any degradation of the enclosure shielding, 
but care should nevertheless be taken in its selection and use. 

A fact that may be surprising is that all cables have a certain amount of signal 
coupling from their outside to their inside. 21 In particular, even in good cables, 
a current on the exterior of the outer conductor will generate an open-circuit 
voltage signal between the inner conductor and the shield. This coupling can 
exist even in solid-jacket cable, where it is due to current diffusion through the 
imperfect conductor. If the cable shield is composed of a woven braid, an 
additional form of coupling exists as a result of the penetration of the small 
apertures of this braid by magnetic fields generated by the exterior current The 
sum of these two forms of coupling is termed the transfer impedance , Z r which 
ne ratio of the internal open-circuit voltage to the external current. Yet another 
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coupling mechanism is due to the penetration of the shield apertures by the 
electric field that results from the external charge density on the cable, which 
generates an internal short circuit current This is usually called the transfer 
admittance, Y T , or the ratio of the internal short-circuit cunent to whatever 
external voltage generates the charge density 

These coupled currents and voltages do not usually create a shield enclosure 
problem but rather an unwanted noise source For this reason alone, they should 
be kept to a minimum Good quality cables with adequate shielding should be 
used Apertures or breaks in the cable shield should be avoided, especially at 
the connectors External signals, particularly the current, should be reduced as 
much as possible by (1) routing the cable in low-field regions, (2) periodically 
shorting the cable current to ground, or (3) spoiling the high-frequency current 
flow by stringing femte beads periodically along the cable 

A separate, but no less important, subject is the treatment of multiconductor 
shielded cables The treatment of the coupling problem with such cables his¬ 
torically arose in the power and audio worlds, where the wavelengths of interest 
are much longer than the cable lengths As a result, the most common method 
used to reduce coupling is to float the cable shield at one end, ie,‘ break the 
ground return path ” This is probably the worst single practice that can be com¬ 
mitted when shielding for high frequencies When a cable is several wavelengths 
long, the end with the shield opened is not at ground potential, and the voltage 
at that end drives a current onto the conductors, m essence, therefore, there is 
no shielding at all 1 Successful high-frequency shielding requires that the shield 
topology remain intact throughout the system The cable shield must be circum¬ 
ferentially bonded to the connector shells, and all connectors must have con 
duetive mating surfaces 

Another common practice in wiring cable—again, a holdover from low fre¬ 
quency technology—is to “pigtail” the cable shield conductor through a connector 
on one of the pros 22 Consider what happens to ihe current on the cable shield 
extenor It now appears on one of the pins in the connector, where it inductively 
couples to the other pins and, hence, to the conductors Thus, the shielding 
effectiveness of the cable shield can be reduced from several tens of decibels to 
about 6 dB' 

The proper method of shielding for both high- and low-frequency signals is 
to treat the cable shield as a topological surface and not to allow any breaks in 
it Exterior currents should be minimized by one or more of the three techniques 
discussed here If properly done, the cable shield becomes, jn essence, a part 
of the facility ground Separations of the cable from the ground structure are 
minimized or eliminated so that the area of the ground loops thus formed are 
also minimized, as are the currents generated by magnetic fields penetrating a 
part of the facility ground Separations of the cable from the ground structure 
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are minimized or eliminated so that the area of the ground loops thus formed 
are also minimized, as are the currents generated by magnetic fields penetrating 
such loops. 

There are certain hostile environments that merit special mention because of 
the coupling of noise to the data cables. In particular, ionizing radiation (protons, 
neutrons, X-rays, y-rays) can penetrate into the cables and create electrical signals 
by interacting with the matter within. The usual approach in this case is to use 
special types of sensors that generate differential signals. The signals are brought 
out of such environments on two identical coaxial cables. The unwanted noise 
signals generated in the cables (and in the sensors) will then be nearly identical. 
The two cables are then connected to a balun (or some equivalent device or 
technique) that passes only the difference of the two signals (the differential 
signal) and rejects the common-mode signal (the noise). 

All of the problems associated with signal cables (except possibly the ionizing 
radiation) can be eliminated by using nonconducting data transmission systems. 
Microwave data links utilizing a special dielectric waveguide were used in EMP 
testing for many years. These have now been largely supplanted with fiber-optic 
data links. For subnanosecond risetimes, however, coaxial cables must still be 
used. 

6,9 PERTURBATIONS TO DATA 

Care must be taken when interpreting data obtained on any data acquisition 
system. Each piece of instrumentation used in the signal path will introduce 
errors. These errors include less-than-ideal frequency response (usually seen as 
risetime degradation), wideband noise, nonlinearities, and amplitude uncer¬ 
tainty. 8 Digitizers introduce other errors such as aperture uncertainty and aliasing. 
Repeatability of instrumentation measurements is of utmost importance. 

The idealized transfer function of each signal path component is easily unfolded 
from the data, but the real signal path transfer functions are not ideal. Each 
component has a definite bandwidth beyond which deviations become quite large. 
Even within its specified bandwidth the transfer function usually contains some 
amount of bandpass ripple. 

The effects of risetime degradation can be removed by measuring the risetime 
of each signal path component and taking them in quadrature (square-root of the 
sum-of-the-squares) to find an overall signal path risetime. The final signal 
nsetime recorded can then be taken in quadrature with the signal-path risetime 
to find the corrected risetime. 18 

Figure 6-9(a) shows the resultant video display of a transient digitizer driven 
y a Tektronix 109 pulse generator through a long (100-meter) coaxial cable 
cable compensator, and active signal divider. Figure 6-9(b) shows the digitizer 
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Fig. 6-9. ( continued ) 


response when it is driven directly by a Tektronix 284 pulse generator. 19 From 
these photographs, the true risetimes can be calculated by the method of quad¬ 
ratures. Let 


h = risetime of transient digitizer 

h = combined risetime of cable, cable compensator, and active signal 
divider 

h = risetime of pulse generator 
L = total risetime of signal path 

The method of quadratures then gives 


U 2 = h 2 + t 2 2 + h 2 (6-10) 

To find t u let t 5 = measured risetime of pulse = 1.5 ns [see Fig. 6-9(b)]. 
For the Tektronix 284 pulser, t 3 = 70 ps maximum. Then, 


V - h 2 = Vl.5 2 


•07 2 = 1.50 


( 6 - 11 ) 


F ‘ nd ?4 ' let !( ‘ = measured risetime of signal path = 1.9 ns [see Fie. 6- 
i a )J- For the Tektronix 109 pulser, r 3 = 0.25 ± 0.05 ns. Then, 
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u = Vf 6 2 - h 2 = Vl 9 2 - (0 25 ± 05)" = I 88 ± 0 06 (6 12) 


To find t z , 

12 = Vts - ti 2 - t} (6 13) 

= V(1 88 ± 0 06) 2 - 1 5Q 2 - (0 25 ± 0 05) 2 = l 1 ± 0 1 ns 

Note that the same method must be utilized to find the true nsetime of any 
measured signal For example, if a pulse being displayed on the above system 
has a measured nsetime of 10 0 ns the actual pulse nsetime, using the 1 88 ns 
data path nsetime from above, is 

h = vV - u 2 = Vfo 2 -\~¥ = 9 8 ns (6 14) 

Figure 6 9(c) depicts the response of the signal path with a 1 microsecond 
active integrator This is not a measurement of the integrator/data path nsetime 
but rather of the integrated pulse width The calibration/venfication of the in 
tegrator must be made separately using either a very narrow, high amplitude 
pulse (5 function) or a network analyzer in the frequency domain 

Still another problem influencing data interpretation is the introduction of notse 
into the signal path, especially in the telemetry links Noise is often measured 
in terms of rms amplitude a nearly meaningless way to make pulse measure 
ments In repetitive pulse measurements, a tangential noise measurement is more 
meaningful, but when consideratmg a single event pulse measurement, even this 
is not sufficient A single noise burst or random excursion may mask data as 
shown in Figs 6 10 and 6 11 5 In these actual measurements, noise has displaced 
the 10 percent and 90 percent amplitude points, yielding erroneous 10 to 90 
percent nsetime measurements If all the signal path and signal source compo 
nents have good repeatability a number of measurements may be taken and 
averaged to reduce the baseline noise 5 


6.10 TIME-DOMAIN REFLECTOMETRY 

A special type of time domain measurement that ments separate discussion is 
time domain re flee to me try (TDR) where measurements are made of signal re 
flections from impedance discontinuities (see Chaps 1 and 10 for further dis 
cussion) The value of this type of measurement is that specific discontinuities 
have readily identifiable characteristic signatures Also the location of the dis 
continuity on a transmission line can be accurately measured by the two way 
propagation time of the incident signal and reflection 
A simplified schematic of a TDR system is shown in Fig 6 12 A pulse 
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Fig 6 12 Simplified TDR system 

generator produces the signal that is directed to the system under test A step 
waveform is usually employed although certain applications use other wave¬ 
forms, such as a short pulse that approximates an impulse or a short burst of 
RF (narrow-band TDR) A trigger signal may also be generated to trigger the 
waveform recorder A pickoff probe is used to sample the incident and reflected 
waveforms, usually a high impedance voltage probe of sufficient bandwidth for 
the timing accuracy required Special applications may also employ current 
probes or I dot probes The waveform recorder must also be of sufficient band¬ 
width For most applications, a low level repetitive pulse generator is used so 
that equivalent time sampling systems can be used, allowing measurement of 
nsetimes of less than 50 ps A simple TDR can be made using only a square- 
wave oscillator (such as an oscilloscope calibration signal) and an oscilloscope 
with a high impedance input by placing a coaxial “T" on the megohm input and 
connecting the source to the system under test through the “T ” 

The TDR measures reflections of traveling waves at impedance discontinuities 
The pulse generator drives a signal of l/(r) onto a cable of characteristic imped¬ 
ance Zo (usually 50 ohms) The pulse generator should present this same imped¬ 
ance to prevent further reflections of the signal The probe measures this incident 
signal, which is displayed on the recorder The incident signal then travels down 
the system under test until it encounters a new impedance, Z,, which gives a 
reflection coefficient of 


Zt ~ Zp 

Z, + Zo 


(6-15) 


where Z\, and hence p, may be complex A thorough analysis of the problem 
requires that p be transformed into the frequency domain to determine the re¬ 
flection coefficient of each frequency component of the incident signal 
Figure 6-13 exhibits several waveforms from specific load impedances Figure 
6-13(a) shows the incident waveform without reflections, such as would occur 
if the cable were to be terminated in its characteristic impedance The unity step 
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a) MATCHED 


b) OPEN CIRCUIT 


c) SHORT CIRCUIT 


d) RESISTANCE R>Zq 


e) RESISTANCE R<Z 0 


f) CAPACITANCE 


S) INDUCTANCE 


Fig. 6-13. Reflection signal from specific load impedance. 


»»o, t J{t - t 0 ), is the pulse generator output. Figure 6-13(b) shows a reflection 
from an open circuit at t,. The reflection coefficient becomes unity as Z, becomes 
much larger than Z 0 so that the reflected voltage step at t, becomes equal in 
magnitude to the incident step at t 0 . Figure 6-13(c) shows a reflection from a 
short circuit at r, for which Z, = 0 and p = -1. The reflection thus returns 
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out of phase with the incident signal Figures 6-13(d) and (e) show reflections 
from resistive loads larger and smaller, respectively, than Z 0 The magnitude 
and phase of the reflected signals are readily discerned 
Figure 6 13(0 shows the reflection from a purely capacitive load, Z L = 1/sC, 
where j(r « jro) is the Laplace operator When the step first encounters it, the 
capacitor acts as a short circuit At later times, it behaves as an open circuit, as 
can be seen in the behavior of the reflection coefficient, 

= ~ 20 = I ~ sCZo 

P ~ 1 ^ _ 1 + sCZ 0 

^c + Zo 

which goes to -1 at high frequencies and to +1 at low frequencies The 
exponential nsetime of the capacitive signature behaves as 

V{t - /,) = 2[I - e-M-'iWoC] (6 17) 


-t 


_ j-l,sCZ 0 > 1 
+ 1, sCZ 0 <t 1 


(6-16) 


for times longer than h 

Figure 6-13(g) shows the reflection from a purely inductive load, Z v * si 
This load initially behaves as an open circuit to the step waveform, becoming 
a short circuit at later times 


sC_ _ Z 2_ _ 1 - sCZp 

1 _ 1 + sCZ 0 

ic + z ° 


+ 1, SLfZo 1 

- I, sL/Z 0 <g 1 


(6-18) 


The reflection coefficient becomes + 1 at high frequencies and — 1 at low fre 
quencies Thus, 


V(t-t,) = 2<r<* - ‘i*» L (649) 

shows the exponential decay m the time domain Reflections from series and/or 
parallel combinations of resistors, capacitors, and inductors can be analyzed in 
a similar fashion 

The nature of small impedance discontinuities can readily be determined from 
the TDR signature For example, a short section of low-impedance line in the 
middle of a transmission line of characteristic impedance Zq (such as might occur 
at a connector or a crushed section of cable) will appear as a comparable decrease 
of the TDR signal, as shown m Fig 644(a) A similar signature is obtained 
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(a) SHORT SECTION OF LOW IMPEDANCE CINE 



Fig. 6-14. Capacitance dips on TDR trace: (a) short section of low-impedance line, and (b) 
small shunt capacitance. 


when a small shunt capacitance is placed on the line, as seen in Fig. 6-14(b). 
Thus, a small dip in impedance is usually called a “capacitance dip.” Likewise, 
a small section of high impedance is termed an “inductive spike,” whether due 
to high impedance or an actual inductance. This terminology is consistent with 
transmission line theory since the characteristic impedance of an ideal line is 
derived from the series inductance per unit length, L ', and the shunt capacitance 
per unit length, C', as follows: 


Z 0 = VL'/C' (6-20) 

An increase in capacitance results in a decrease in impedance, a decrease that 
can be termed “capacitive.” Likewise, an increase in inductance causes an in¬ 
crease in the impedance, which is termed “inductive.” 

TDR analysis is also very useful for locating faults in a cable that manifest 
themselves as impedance discontinuities. Such faults may exist as breaks in a 
cable shield, as open circuits, or perhaps as water in a buried cable. Here the 
fact that the discontinuities are separated in time permits measuring the reflection 
time of each discontinuity. Knowledge of the propagation velocity, v, on the 
cable then gives the distance to each as 

d = vf/2 (6-21) 

Four effects that may limit the resolution and usefulness of a TDR measurement 
are ^ the system risetime, (2) discontinuities that may be in front of the dis¬ 
continuity of interest, (3) loss effects when making measurements over long 
an or lossy cables, and (4) excessive noise on the cable. 
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The TDR system nsetime, r,, precludes the resolution of discontinuities spaced 
closer than 


d, = vtJA (6 22) 

The amplitude of small discontinuities will also be decreased by the system 
nsetime, which acts as a pulse stretcher 
Multiple discontinuities on a transmission line create effects that complicate 
TDR analysis by virtue of the multiple reflections occumng between them If 
the cable of interest is composed of several sections, each with its own distinct 
characteristic impedance, a part of the incident signal is reflected at each of these 
impedance discontinuities Part of each reflected signal will then be again re 
fleeted at each subsequent discontinuity so that the amplitudes of the TDR signals 
beyond the second discontinuity are reduced 
For many practical measuring situations, the discontinuities are small When 
they are, the magnitude of the multiple reflections rapidly approaches zero, and 
many small discontinuities can be analyzed without significant perturbation to 
each other 

The third effect that may distort TDR data is the loss characteristics of the 
transmission line under observation For high-quality short lines, this may not 
be a problem because the effect is too small to distort the nsetime The problem 
may be significant for long, lossy lines, however, such as telephone wires (twisted 
pairs) or long power lines A particularly bad example is the thermocouple wires 
that monitor the temperature inside nuclear reactor cores 
The loss on most transmission lines can be attributed to the skin effect caused 
by the finite conductivity of the electrical conductors In the frequency domain, 
the attenuation factor becomes proportional to the square root of the frequency 
As a result, the high frequencies become attenuated more than the low, resulting 
in a risetime degradation of the TDR signal 
The TDR waveform of a unit step voltage traveling over a long line can be 
given by 


F(/) = erfc 


K 

Vf - t 0 


(6-23) 


where erfc (= 1-erf) is the complementary error function, AT is a constant pro 
portional to the length of line multiplied by the line loss per unit length, and to 
is the signal propagation time This distortion results in a nsetime degradation 
with an initial apparent delay m the initial signal detection, a reasonably fast- 
nsing section, and then a long tail with an apparent decrease in amplitude Figure 
6-15 shows these features, which can significantly affect the analysis of TDR 
data 
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Fig. 6-15. Unit-step voltage waveshape after propagation over lossy line. 


The final effect that makes TDR analysis difficult is noise on the transmission 
line on the system being analyzed. Even shielded cables may exhibit significant 
noise if damaged or if in proximity to power-carrying conductors. Open-wire 
transmission lines can pick up significant radio-frequency radiation from such 
sources as radio stations, mobile two-way radios, or electric arc welders. In 
many cases, this noise can be appreciable compared to the TDR signal level 
and, in some cases, may be so large as to damage the TDR unit. Since most 
commercial TDR units utilize a step waveform of about 200-mV amplitude and 
utilize tunnel-diode circuitry, they are quite sensitive and vulnerable. Static- 
charge buildup on a coaxial cable must be discharged before the cable is attached 
to this type of TDR, or the tunnel diode may be destroyed. 

The solution to the problem of noisy lines is to increase the level of the TDR 
signal until it is significantly greater than the noise. Step generators of several 
tens of volts are now available with subnanosecond risetimes utilizing solid-state 
switches (see Chap. 4). Mercury-wetted reed relays may be used to deliver 
repetitive step waveforms of several hundred volts amplitude. 

Figure 6-16 shows a TDR of a large transmission-line antenna that is a very 
efficient radio antenna. This TDR was done with a 400-volt signal and an 
appropriate attenuation of the signal after the voltage probe. The plot was made 
in the slow equivalent time output of the sampling system. Reference lines were 
obtained by driving various resistive loads instead of the antenna. The noise 
level recorded from the antenna is small enough to be negligible. The slow ramp 
at the front of the traces is due to the tunnel-diode sampling system. The step- 
voltage waveform was generated by charging and discharging a long cable into 







206 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 



Fig 6 16 TOR of a bounded wave EMP simulator 


the test object with a mercury wetted reed switch For the very long pulse shown 
m Fig 6 16 (l 5 microseconds total duration), several long coaxial cables were 
connected together to form the charge cable The slight change in impedance 
between some of these can be seen in the 50 ohm reference line and is repeated 
m the other traces 

Noise reduction can also be achieved by averaging several TDR traces but 
requires some form of digitization of the TDR display An alternative method 
that can be used with an equivalent time sampling system is to use a very slow 
(external) sweep on the TDR time base and low pass filtering on the TDR vertical 
output A plotter often performs this function well since the slow pen response 
acts as the low pass filter This method of TDR testing requires that the charge 
cable be longer than the line under test For very long lines, this requirement 
becomes impractical, and alternative pulse sources must be utilized even though 
they may not have subnanosecond risetimes 

For high amplitude sensitivity, the TDR system requirements are (1) a large 
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time derivative of V 0 (t), (2) a flat pulse top of V 0 (0, and (3) low noise detection. 
For high spatial resolution, the system must have a short system risetime. 

6.11 SUMMARY 

Instrumentation must be chosen to meet measurement needs. The requirements 
for survey-type experiments are usually quite minimal compared to those for 
large-scale, multiple-parameter, design or production-acceptance tests for which 
a large, general-purpose, automated system with data processing is often re¬ 
quired. 

To perform many laboratory-type experiments, a standard oscilloscope and 
pulse generator may well suffice. The addition of a camera with high-speed film 
will provide permanent data records. An oscilloscope equipped with CRT dis¬ 
plays of scope settings will simplify recordkeeping since the scope settings will 
become part of the permanent photograph record of the signal trace. High-speed 
pulse work at low levels will require a fast-risetime pulser such as those described 
earlier or the Tektronix 109 or 284 Pulse Generators. Oscilloscope requirements 
will be driven primarily by experiment risetimes. For transient analysis, a high¬ 
speed storage oscilloscope may be desired. A good assortment of sensors, probes, 
cables, connectors, connector adapters, and attenuators will also be required. 

If some level of data processing is required, either a graphics tablet for dig¬ 
itizing signal traces on photographs or a transient digitizer may be utilized. A 
large number of digitizing oscilloscopes are available for either slow-risetime or 
repetitive fast-risetime pulse work. A sampling oscilloscope may be required for 
the latter. Many parameters enter into the selection process: bandwidth, risetime, 
sensitivity, sampling rate, memory storage size, linearity, remote control fea¬ 
tures, etc. The means of accepting and storing the acquired data must be supplied 
along with storage media compatible with the data processing machine(s). 

If a large number of measurements must be made, a more general-purpose 
data-acquisition system is required. Versatility and expandability requirements 
may need to be considered. Some level of automation is often desired, at least 
as a way to keep recordkeeping and repeatability requirements simple, but at¬ 
tempting to design a general-purpose system may add unnecessary complexity 
and expense. 

The primary' emphasis in the design of any data-acquisition system must be 
P« on the overall system requirements. The functional requirements must be 
.y defined before selecting the equipment to implement the system. The temp¬ 
tation to select the equipment first and patch noncompatible gear together if the 
need should arise later must be avoided. The design of a data-acquisition system 
requires experienced system designers and project engineers who are not only 
- 'mar with the many hidden costs involved in the construction of what may 
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appear on the surface to be a simple ‘‘rack ’em and stack ’em” job but who are 
also well versed in the ergonomics of the day-to-day operational requirements 
of a system 

The development of a large, sophisticated system requires an even more 
elaborate line of attack A hierarchy of procedures has evolved tn industry that 
is definitely applicable, it is as shown m Fig 6-17 

The temptation to use instrumentation that advances the state-of-the-art must 
also be overcome Taking a one-of a-kind laboratory prototype and extending it 
into a production run of fieldable units is no trivial matter, as any manufacturer 
will attest 

In conclusion, the approach may be broken down as follows 

1 Define the system requirements 

2 Design the system as a whole based on these requirements 

3 Survey the available equipment required to implement the system 

4 Refine the system design based on available equipment. 


Define System Requirements 


Block Diagrams 


Conceptual Design 


Expand Each Block 


Preliminary Design Review 




Modrty Designs for Sysrem Requirements 

1 

1 _. 


Critical Design Review 




Approve System Design 
per System Requirements 



Fig 6-17 System development hierarchy 
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5. Select the equipment. 

6. Design the final system integration. 
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7.0 INTRODUCTION 

This chapter describes the Lawrence Livermore Electromagnetic Transient Fa¬ 
cility (EMTF), defines its basic capabilities and limitations, and evaluates its 
utility for data-base development in Electromagnetic Pulse (EMP) applications. 
A series of measurements and computations were made on a variety of test 
objects to calibrate and validate the EMTF. Other measurements were performed 
to assess the performance of various range components such as pulsers, con¬ 
necting cables, sensors, and instrumentation (which are discussed in Chaps. 3, 
4, and 5). The results presented here may be considered representative of what 
transient measurements are able to provide, but should not be viewed as testing 
the limits of what is possible. 


7.1 DESCRIPTION OF EMTF OPERATION 
Objectives 

The LLNL Electromagnetic Transient Facility (EMTF), which is composed es¬ 
sentially of impulse pulser, transmitting antenna, sampling scope, and data pro- 
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cessing equipment, is used to determine the time-domain transient responses of 
various antenna structures to an incident electromagnetic (EM) wave For ex¬ 
ample, time domain reflectometry (TDR) measurements enable us to compute 
the input impedance of a given structure in the frequency domain Time-domain 
scattering measurements of the same structure excited as a receiver similarly 
enable us to compute its effective height in the frequency domain Use is made 
of the equality of the input impedance as a transmitter and as a receiver The 
Thevemn-equivalent circuit of the receiver structure thus obtained may now be 
scaled to any realistic life size, and a specified frequency-domain load can be 
attached Then, the response to an incident temporal electromagnetic pulse can 
be computed, first m the frequency domain and then, by Fourier transformation, 
in the time domain In this way, both the integrated responses (e g , total energy 
absorbed, peak temporal load current) and differentiated responses (e g , input 
impedance, effective height, load power spectrum in the frequency domain) may 
be determined from a combination of measured and computed values for a life- 
size structure 


Data Acquisition 

A diagram explaining the data acquisition in both the TDR and scattering modes 
is shown in Fig 7-1 In the TDR measurement, an impulse generator excites 
the test target through a precision power divider The reflected signal then passes 
through the third arm of the divider to the scope and the data-processing equip¬ 
ment The reflection coefficient computed in the frequency domain measures the 
complex input impedance, Z,, of the test target In a scattenng measurement, 
the dashed lines in Fig 7-1 are changed to the solid lines to indicate that the 
generator pulses the conical transmitter Thus, the time delayed scattered voltage 
is picked up from the test target in a 50-ohm coaxial line and relayed to the 
scope and processing equipment 

When transformed to the frequency domain, this scattered field (or voltage 
Vi, across the Z L load of 50 ohms in the target equivalent circuit of Fig 7-2) 
determines the effective height, fc cff (/), since Z, has been measured (assuming 
the incident field, E‘ nc (f), is known) Because they can be easily scaled to 
represent the equivalent circuit of a larger structure, Z, and /i eff are convenient 
parameters to define and measure We can then use this scaled circuit to obtain 
the response to an arbitraiy field, £*(/), far a specified load, Z L (f), when E™ = F(f) 
is applied to the input terminals 

All 1 DR and scattering measurements are taken during a 20 nsec “clear-time” 
interval before unwanted reflections occur (e g , from the edge of the ground 
screen) Specific details of these measurements will now be given 
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Conical transmit antenna 


I--8.5 m—J 
! 4.3 m 


^TestcU /_-_ 

I target ./Precision power divider 
/*-- '/"L J TOR 


Attenuator 



Fig. 7-1. Schematic diagram of the EMTF: The impulse pulser sends a narrow pulse either 
through a precision power divider to the test target, as in a TDR experiment, or directly to 
the conical transmitting antenna, as in a scattering experiment. In the TDR mode, the reflected 
signal returns to the sampling scope via the power divider; in the scattering mode, the signal 
received by the test target returns directly to the scope. From these, the signal passes to 
the data-processing equipment where it is averaged over repetitive pulses, Fourier-trans¬ 
formed to the frequency domain, plotted, and stored on magnetic tape. 


7.2 MEASUREMENT OF CIRCUIT PARAMETERS 
Input Impedance, Z, 

TDR reflected-voltage waveforms for both an open-circuit termination in Fig. 
7-1 and the actual test target (as represented by its input impedance) are recorded 
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Fig 7 2 Scattering equivalent circuit for the load Zj. across the test target load terminals 
The excitation is conveniently represented as the product of the incident electric field 
and the effective height as determined from measurements Z, is the Input impedance from 
a TDR experiment This circuit is conveniently scaled to represent the reception of any 
scaled up test target that has been excited by a specified temporal or spectral field 

and transformed to the frequency domain The frequency-domain reflection coef 
ficient, p(/), is computed as 


P if) =~ 


FloadC/) 
^OPEN if) 


so that the test-target input impedance, Z,{f), is given by 


(7-1) 


(7-2) 


where Z 0 is the coax characteristic impedance (50 ohms for the EMTF) 


Effective Height, h eti 

The effective height, h c tf(f), in the equivalent circuit of Fig 7-2 is determined 
by a temporal scattering experiment The conical transmitter is pulsed (the solid 
lines in Fig 7-1 indicate scattering), and the voltage pickup, V L (f), in the test 
target (loaded by the coax impedance, Z 0 , of 50 ohms) is recorded The target 
receiver is represented by the equivalent circuit in Fig 7-2, in which the open 
circuit voltage at the input terminals is conveniently represented by E m (J)h cS ^J) 
Here, E inc is the total incident field in the absence of the test target at a con¬ 
veniently chosen distance, r 0 , from the transmitter 
We define h c ..(f] because, like Z ,(J ), it can be scaled simply from the equivalent 
circuit for a scale model test target to the circuit for a full size target of pro 
portional geometry From this scaling, we can compute the EM response of a 
prescribed load in the full-size target 
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The measured scattered-field response, V L (f), determines h cfl (f) m the circuit 
of Fig. 7-2 to be simply 


fief K/) 


(Z, + Z L )V L {f) 
Z L E inc (f) 


(7-3a) 


It is convenient to write F nc as the product of pulser voltage, V p , and a 
calibration factor, e inc (/D, so that 


£"' c ( f) = V P (f)e inc (f) 

e' nc (f) = E? nc IV P (7-3b) 

presupposing that e mc (J) has been calibrated at reference distance i'o from the 
transmitter. (This calibration is essentially a function of transmitter- and ground- 
plane geometries and is examined in more detail in the discussion of E in the 
next section.) 


7.3 VALIDATION, CALIBRATION, AND ERRORS 
Validation 

To validate the operation of the EMTF for both input impedance and effective- 
height measurements, field experiments were performed with an IKOR pulser 
and compared with the results obtained from computer models. 

Input Impedance, Z,. It is important to establish that the input impedance 
of the test target is being measured accurately, both for its use in the equivalent 
circuit of Fig. 7-2 and for calibrating the incident field, E inc (f). Thus, TDR 
measurements were made of the input impedance of a 30-cm monopole and 30- 
cm square (with image) loop (7.5-cm vertical arms, 15-cm horizontal arm) and 
compared with values computed with the TWTD time-domain computer code. 1 
A single straight wire served as the transmitter in place of a conical antenna, 
and the computer code modeled the complete experimental setup of transmitter, 
ground plane, and test target without F nc having to be computed separately. 
These results are shown as a function of frequency in Figs. 7-3 and 7-4. 

We find that there is good agreement between calculated and measured values 
°f 2, up to —2.4 GHz, where LIX = 2.4 for the monopole (Fig. 7-3), except 
for a gradual shift of the calculated curves with respect to the measured ones. 
Such shifts appear to cause negligible errors in the computed integrated responses 
°f whip antennas on practical structures because they tend to cancel on integra- 



Resistance - lCr ohm 



Fig 7-3 TDR range measurments are validated by comparing the data-processed (*') real (a) and imaginary (b) parts of the input 
impedance, Z f , of a 30-cm monopole on the ground plane with the impedance computed (_) from the time-domain computer code 
TWTD The two curves gradually fall out of phase as frequency increases 





Fig. 7-4. TDR measurements are further validated by comparing data-processed (**) and computed (_) real (a) and imaginary (b) 

parts of the input impedance of a 30-cm loop on the ground plane. The incident field from the transmitter in Fig. 7-1 arrives 
"edgewise,” with H lnc perpendicular to the loop, and the load terminals are at the “first arrival” point at the loop base. 
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tion The good agreement between calculi* 011 an d measurement extends to 4 
GHz for the loop in Fig 7-4, where L P is the perimeter and Ljk = 4 At 
extremely low frequencies, the measured input resistance, Rj, has been fitted to 
an / 4 dependence [Fig 7-4(a)] This agrees with theory, and the curve rises to 
a maximum in a realistic way 

The narrower frequency response of the loop, in which the peak values of R t 
and X/ are very large, implies a larger effect of the errors in measured Zj{f) on 
the derived EM response of a scaled-up structure When we observe that ap 
proximately 99 percent of the EM energy absorbed by a loaded wire or loop 
usually occurs for L!\ £ 1 or Lj\ £ 1, respectively (see the section on Range 
Limitations for elaboration), the errors id Z/ should have no appreciable impact 
on integrated response data 2 


Effective Height, h eff . Knowledge of the effective height, K„(f), is required 
for the equivalent circuit in Fig 7-2 This circuit is used to calibrate the incident 
field, £> nc (/), as described subsequently, and is also scaled to compute the EM 
response of a life-size structure Determining the effective height requires that 
the terminal current or voltage induced by a known incident field be obtained 
The measurement or calculation by which this is accomplished can be performed 
in either the frequency domain or time domain Therefore, by comparing mea¬ 
sured and computed values of V L (t) or Vi.(f) for the same configuration, we can 
establish the relative validity of both 

In the present case, a 63 75-cm monopole was used for the transmitting antenna 
while a 30 cm monopole and a 30 cm square loop (7 5-cm vertical arms, 15- 
cm horizontal arm), respectively, were used as the targets The sizes were chosen 
to permit practical computer modeling of the complete experimental setup using 
die time-domain code, TWTD, without separate calibration of E‘ ne {f) The results 
obtained are shown in Figs 7-5, 7-6, and 7-7 (two loop orientations were 
employed and both the transient waveform and frequency spectra plotted) Good 
agreement is seen in the time as well as the frequency domain out to si GHz 
(i/X X 1), where the EM temporal responses of the load energy absorbed and 
the peak current, for example, are essentially determined This agreement val¬ 
idates the accuracy of EMTF measurements of load voltage induced on monopole 
and loop antennas of lengths greater than 10 cm 

We must note that these corroborations, while indicating that the EMTF does 
provide an accurate response of a given structure to a given incident field, do 
not ensure that an equally accurate measure of will be obtained The reasons 
are that the EMTF source produces a field having wavefront curvature and UR 
attenuation, both of which can result in a response, and hence an /i c rr, that is 
different from that which characterizes plane-wave excitation 



Load current 



Time — nsec 9 

Frequency - 10 Hz 


Fig. 7-5. The excellent validation of the scattered voltage measurements on the EMTF is shown by comparing, in (a), the measured 
short-circuit current, /(.(f), in Fig. 7-2 with the current computed from the time-domain code for a 30-cm monopole on the ground 
plane. Their corresponding spectra also agree well in (b). 
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Fig 7-6 Scattered voltage measurements on broadside-excited loops (W nc from a straight-wire transmitter, parallel to the loop 
plane in Fig 7-5) are validated by comparing, in (a), the measured and computed short-circuit current, t L (t), in Fig 7-2 for a 30- 
cm loop on the ground plane The spectra in (b) agree well out to 1 GHz where loop length/*. = 1 
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Fig. 7-7. Validation of the scattered voltage measurements on edge-excited loops (H' nc perpendicular to the loop plane in Fig. 7- 
1), similar to the validation of broadside-excited loops in Fig. 7-6. In (a), the measured and computed load currents in a 30-cm loop 
on ground plane are compared in the time domain; in (b), their spectra are compared. 
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Calibration of Transmitter Field, E 1 " 6 

Effective-Height Computation The most direct way to calibrate E nc (/) at 
reference distance r 0 from the conical transmitter is to compute h^J) for a short 
monopole at r Q to measure V L (j) and then to compute E' nc (f) from Eq 7 3, as 
follows 


E nc (f) 


cone 


(Zj + Z L ) 
Z L K n {f) 


v L (f) 


(7 4) 


where Z,(f) has also been computed (and is essentially the same as measured m 
the TDR experiment) and Z L = 50 ohm 
When calibrating £ inc this way, we must allow for the fact that test antennas 
are placed about 1 m away from the transmitter, hence, for low frequencies, 
these antennas are in the near field of the transmitter Therefore, will have 
the structure of a spherical wave field, and h cfi will represent this same field 



Frequency - 10 9 Hz 

Fig 7 8 There Is a difference between the (effective height] of a 30 cm monopole on the 
ground plane as computed by the time-domain code for plane wave and point excitation at 
the transmitter apex Most EM integrated responses are determined In the range =? 1 GHz 
«: 1) where the error in processing effective herght for point excitation is not serious 
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structure. Thus, because nearly all the radiation comes from the conical trans¬ 
mitter apex, /i cf f should be computed for a point-source field in the position of 
this apex. When measurements are made for only 20 nsec, radiation due to the 
reflection of current from the end of the transmitter is not seen at the test antenna. 
Because /i crf is computed for point-source, radiation and the equivalent circuit is 
scaled up in size to estimate a plane -wave EM response by setting E mc = E HM 
in the scaled circuit of Fig. 7-2, some error is introduced into the data-processing 
EM response. This error will now be discussed. 

Effect Of Field Curvature on f7 ef f. The differences between the effective 
height, /i e fl(/) computed by the TWTD code for point-source and for plane-wave 
illumination of the test target are shown in Figs. 7-8 and 7-9 for a 30-cm monopole 
on the ground plane and in Figs. 7-10 and 7-11 for a 30-cm rectangular loop 
(7.5-cm vertical arms, 15-cm horizontal arm) on the ground plane for edge 
incidence. The transmitter apex is located so that r 0 — 1.3 m from the reference 
point for the field (the monopole position and the “first arrival” arm of the loop). 

Figures 7-8 and 7-9 show that the differences between the magnitude and 



of the effective height of the 30-cm monopole of Fig. 7-8 also differs 
)lane-wave and point excitation, but the difference is not serious out to 


f '9- 7-9. The phase 
somewhat between i 

=1 GHz. 
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Rg 7 10 There is essentially no difference between the (effective height| of the 30-cm loop 
of Rg 7 7 computed for plane wave and point edge incidence despite the fact that one 
vertical leg of the loop is 15 cm farther from the transmitter than the “first arrival" leg 


phase of the monopole h^f for the two illuminations are not appreciable in the 
interval si GHz ( L/k s I) where the integrated responses are primarily deter 
mined 

Figures 7 10 and 7-11 show a much closer agreement between complex h e a 
of the loop for the two illuminations, as far out as 4 GIIz (Ljk = 4) This 
results, probably, because the height of the loop is only a quarter of the height 
of the monopole, making the field curvature a less important factor These figures 
also imply that the near- and far field vanations as l/R 3 , MR 1 , and HR negligibly 
affect h t jf, even though the loop extends 15 cm m the direction away from the 
transmitter (located at r 0 — 1 3 m) 

We find, indeed, that the integrated EM responses as computed from an 
equivalent circuit with /j c rf|po im differ negligibly from those computed with 
^mpiMc for whip- and loop antenna test targets on the EMTF (We will develop 
dm finding at greater length in the section on Range Limitations ) 

Calibrating E !nc . Since E' rK (f) of Eq 7-4 is proportional to the pulser voltage 
spectrum, V p (f), the calibration quantity 
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Fig. 7-11. The phase of the effective height of the 30-cm loop of Fig. 7-10 is also remarkably 
independent of whether plane-wave or point excitation is employed. 


e'-(/)L„ e = E™(f)\ C0 JV p (f) (7-5) 

obtained with the IKOR pulser but independent of it has been stored for data 
processing /i cff using Eq. 7-3. Its magnitude and phase are plotted in Fig. 7-12 
and are observed to be well-behaved out to —3.0 GHz. Also, e' nc is purely a 
function of transmitter geometry, scattering circuit geometry, and reference point 
ro (Fig. 7-1); it should be changed if either the transmitter or r 0 is changed. In 
addition, e mc is implicitly dependent on the fact that scattering measurements 
are made only over a clear time of 20 nsec. 

It is interesting to compare the calibrated e mc (f) of Eq. 7-5 with the value 
obtained from the theoretical biconical transmitter formula, 


4 nc (r 0 )|„ = gt c {ro)UV b = 


1 


lncot(v|i/2) 


"F 2Zz r o 


~ (7-6) 


where Z blc „ nc = 120 lncot (iJj/ 2); i}t = cone half-angle (=5° in this case); and 
= coax characteristic impedance. This formula includes the effect of the 
ground plane. Equation 7-6 is valid during the “clear” time of more than 20 ns 




E—field magnitude 



Fig 7-12 The calibration factor, e lrc (f), as obtained with the IKOR pulser, vanes only moderately in magnitude (a) and phase (b) 
out to = 25 GHz, to obtain the EMTF incident electric field for effective height determination, e lnc may be used with any pulser of 
known spectrum 
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before the field reflected from the end of the transmitting antenna reaches the 
test target. Although Eq. 7-6 predicts a frequency-independent e inc (/- 0 )| 6 , the 
measured value in Fig. 7-12 actually varies moderately out to =2.5 GHz, beyond 
which point it becomes noisier. 

Classification of Errors 

The use of the EMTF to develop canonical geometry results that are intended 
for an EM data base raises several questions. Among them are the measurement 
accuracy attainable, the limitations due to EMTF constraints, and the relatability 
of scaled canonical data to real geometries. We will consider the first of these 
questions here; limitations will be discussed more fully in the sections that follow. 

Error Sources and Types. Sources of measurement error can be divided 
into two categories, both of which may be further subdivided: 

1. Systematic or deterministic errors, which are errors that result from cables 
(impedance, attenuation), components (couplers, attenuators, power di¬ 
vider), and sensors. 

2. Statistical or nondeterministic errors, which are errors that result from 
pulser amplitude fluctuations, pulser time-base jitter, system noise, A/D 
(analog-to-digital) conversion, and interference. 

Deterministic errors are those whose influences are measurable and removable 
from the data. Cable attenuation and phase shift are typical error sources of this 
kind. Examples of nondeterministic errors include interpulse variations in the 
pulser output and random “glitches” in the A/D conversion. 

Both input impedance and transfer admittance (or effective height) are affected 
in similar ways by these errors. We can discuss their influence out of context 
of the measurement with the few exceptions noted below and consider systematic 
and statistical errors in turn. 

Systematic Errors. Before discussing specific systematic error types, we should 
first re-examine how impedance and effective-height measurements are made to 


xlo 



teraJ,"^ 3 ' ThS Scheme for measuring frequency-domain insertion loss of a number of at- 

the Cab ' eS ’ and the p0wer dlvider ' The si 9 nal is Processed with and without 

m =ni in place and measures the attenuation in decibels. 








Ratio 
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Possible exceptions are “glitches” resulting from external interference or the 
dropping of bits or words by the computer, an example of which can be seen 
in the scattered voltage measurement of Fig 7-16 (at =14 nsec) In such cases, 
a cursory examination of Ihe raw data, which is routinely plotted after each 
measurement, will reveal the problem, and the measurement can then be repeated 
Glitches that are less obvious, however, might not be so identified and thus 
remain uncorrected in the data Glitches such as those shown in Fig 7-16, 
however, occur so infrequently and have such a high-frequency spectrum that 
they invariably have negligible effect on the EM response derived from EMTF 
data in the important spectral range L/X s 1 
Pu|ser fluctuations affect the EM response in three independent ways fn the 
measurements of scattered voltage 14CO (see Eq 7 7), in the measurement of 
pulse.t voltage itself, and m the calibration of E mc (j) (see Eq 7-4) 

Evidently, a potentially severe source of statistical error is the pulser itself 
Because the sampling scope develops waveforms by taking a succession of N 
evenly spaced samples, a minimum of N pulses are required to complete the 
measurement The variations that occur in successive pulses can thus appear as 
noise in the measured waveform These variations include the amplitude and 
shape of the pulse as well as the possible jitter m the time reference The time 



Fig 7-16 THIS scattered voltage picked up by 
at about seven units of time, or 14 nsec 


a 30 cm monopote shows a downward "glitch 
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reference is established by using a portion of the pulse to trigger the sampling 
scope. Consequently, jitter can arise from variations in the leading edge of the 
pulse relative to the trigger level. Signal processing can reduce the influence of 
both such effects, as demonstrated subsequently. 

We performed a series of measurements to evaluate the statistics of the two 
pulsers (an IKOR EM model and an NBS-built pulser) most often used for EMTF 
operation. Assuming constant amplitude pulses (or an average over the inde¬ 
pendent fluctuations in amplitude), we found that for both pulsers, the measured 
time-base jitter was negligible compared to the pulse width of —300 psec for 
the IKOR pulser and —150 psec for the NBS pulser. The standard deviations 
were about ±2.6 and ±2.2 psec, respectively. Consequently, we discuss only 
amplitude statistics (see Figs. 7-17 through 7-20). 

First, comparing the amplitude statistics of Figs. 7-17 and 7-18, we find that 
the pulse amplitude variance of the NBS pulser is vastly less than that of the 
IKOR pulser. Not only is the NBS pulser more stable on a pulse-to-pulse basis, 
but also it has a much greater repetition rate, adjustable up to 50 X 10 3 pulse/sec, 
compared with —200 pulse/sec for the IKOR. Thus, a measurement can be made 
in a substantially shorter time. The single disadvantage of the NBS pulser is its 
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lower pulse amplitude, which, at a =I0-V peak, is a factor =100 times less 
than that of the IKOR pulser Considering, however, that for most applications, 
attenuators are needed to reduce the input to the sampling scope to accommodate 
an acceptable peak signal, this lower pulse amplitude is generally not a serious 
limitation 

Second, upon examining the corresponding pulses and spectra of the two 
pulsers (Figs 7-19 and 7-20), we observe that the NBS pulser (Fig 7-20) 
provides more than twice the frequency coverage, extending past 8 GHz, com 
pared with the 4-GHz spectrum available from the IKOR pulser (Fig 7-19) 
Also demonstrated m these figures is the effect of signal averaging upon the 
measurement When making wideband transient measurements where pulse-to- 
pulse variations can be substantial, preprocessing of the waveform can be very 
advantageous 

In Figs 7-19(a), 7-19(b), 7 20(a), and 7-20(b) we have developed acomposite 
waveform by averaging nine individual measurements M times for each point 
m the temporal sampled signal Results are given for M = 4 and 16, although 
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we do observe that M need not be prespecified but can be established by con- 
tinuins to sample a given point until the variance falls below a desired value. 
(NoteW since the sampling scope provides one sample per pulse, an N-pomt 
sampled waveform would require MN total pulses.) Each of the nine individual 
pulser-time waveforms was measured and Fourier-transformed to the frequency 
domain, where the sample mean, expressed as 

v p (d = l - i \v P m 

7 i— 1 

at each frequency, and sample variance expressed as 
cr = (V p (f)) ms 

/I 9 V 12 

= El v pl (f) - v p (f)\ 2 j 

at each frequency, were computed. The pulse waveforms and spectra were 
subsequently plotted as in Figs. 7-19 and 7-20 to show the mean values and the 
±0.67 ct limits. These illustrate the bounds within which 50 percent of the 
measurement points would fall. We observe that the consequent uncertainties in 
the waveforms and spectra are considerably less for the NBS pulser, as earlier 
implied by the amplitude statistics. We also see that increasing the number of 
samples per data point from M = 4 to M — 16 decreases the standard deviation 
of the IKOR pulser by more than a factor of 2 above 2 GHz and decreases the 
o- of the NBS pulser dramatically in the range of 3 to 6 GHz, with significant 
improvement out to 9 GHz. 

For most measurements on test targets, it is important that the spectrum of 
pulser voltage have a negligible error out to ^3 GHz. This is necessary because 
most configurations measured on the EMTF have antennas L 5= 10 cm long and 
the EM responses of interest (e.g., load energy absorbed) are essentially deter¬ 
mined in the range L/X 1 (see Sec. 7.3). The EM-response data are currently 
processed from M = 16-point averaged temporal waveforms; Figs. 7-19(b) and 
7-19(d) indicate that the IKOR pulser voltage has the requisite error; and Figs. 
7-20(b) and 7-20(d) show that the NBS pulser also satisfies the desired error 
criterion. The curves in these figures illustrate the advantage of simply averaging 
the raw temporal data from the EMTF. 

One additional observation should be made concerning the NBS pulser spec- 
tram. When M is increased from 4 to 16, the variance of the measured spectrum 
ccreases, and the high-frequency content of the spectrum also is appreciably 









g 

Frequency — 10 Hz 



Fig. 7-19. Statistical variations of the IKOR pulser waveform appear as variations of its spectrum. In (a), we show the results of 
nine independent measurements of the spectrum magnitude, where each temporal point has been averaged four times to reduce 
statistical variations. The middle curve is the average spectrum; the upper and lower curves show the ±0.67a points at each 
frequency, where a is the sample standard deviation. The spectrum in any experiment will lie between the upper and lower curves 
about 50 percent of the time. In (b), we show the same information as in (a), but each pulser waveform has been averaged 16 
times at each time point. The additional averaging has reduced the spectral uncertainty. In (c), we show the statistical uncertainty 
in (a) in another way; the one-way spread is divided by the average spectrum vs frequency. Plot (d) shows the one-way spread 
divided by the average spectrum for (b) and indicates the reduction in uncertainty resulting from the increased temporal averaging 
of points on each pulser waveform. 
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Fig. 7-20. The same statistical variations shown for the IKOR pulser in Fig. 7-19 are here seen in the NBS spectrum. In (a), the 
average spectrum magnitude and its ± 0.67a- points are plotted, as determined by the sample standard deviation over nine 
measurements; each temporal measurement has been averaged four times. Plot (b) shows the reduction in statistical uncertainty 
when we average each time point 16 times instead of four. Plot (c) shows the one-way spread in (a) divided by the average 
spectrum. The striking reduction in this “relative” one-way spread when we increase the temporal averaging from 4 to 16 is shown 
in (d). 
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enhanced [compare Figs 7-20(a) and 7-20(b)] The reason for this is not dear 
but appears to be related to the operation of the sampling scope 

System noise is exemplified by sampling scope noise The signal-to noise or 
S/N ratio of the scope is estimated by first measuring the noise spectrum N of 
the scope [Fig 7-21(a)[ and then by measuring S on the scope with the signal 
scattered from a 5-cm monopole excited by the NBS pulser [Fig 7-2l(b)] The 
ratio of the two spectra (S/N) is shown m Fig 7 21(c), and, over a range of 
about 0 5 to 4 5 GHz, the mean S/N ratio exceeds 10 The ratio drops below 1 
around 0 25 GHz, however, and can appreciably distort the EM responses of a 
life size structure derived from a scale model, with strong reponse in the neigh 
borhood of 0 25 GHz Figure 7-21(c) represents a “worst-case” S/N in that most 
monopoles and loops measured m various configurations on the EMTF are longer 
than 5 cm anti pick up sufficient signal to maintain an S/N ratio greater than 10 
in die frequency range of strong antenna response 

For longer whips and loops in various configurations, this excessive low 
frequency noise introduces noticeable variations in the day-to day, integrated 
response data 

Errors that may arise from the other components listed (e g , the computer 
and A/D converter) are somewhat more obscure as to their origin and influence 
One of the most obvious problems is the random glitches already mentioned 
Another potentially more senous problem is caused by the limited word size of 
the computer and converter To demonstrate this effect, Fig 7-22 shows the 
reduction in the dynamic range of the spectrum of a Gaussian waveform due to 
a smaller word size with white noise added Figure 7-22(a) shows the spectrum 
of the discretized Gaussian of piecevvise-linear behavior, 

g„ = 4000^- ( "- 50 > j2s (7 8) 

for 0 < n < 100, as obtained from a fast Founer transform with a CDC 7600 
floating-point word size (48 bit mantissa) 

Figure 7 22(b) shows the spectrum as obtained with only a 12 bit word size 
to simulate the operation of the digital components on the EMTF The dynamic 
range has shrunk from = 12 decades with the longer word length to —4 decades 
out to ~5 GHz with the 12 bit word length The addition of a small amount of 
white noise to the Gaussian waveform (noise amplitude about 0 12 percent of 
signal amplitude in the time domain, a value characteristic of the EMTF system) 
reduces the dynamic range with 12 bit words to =2 5 decades out to ~4 GHz 
[see Fig 7-22(c)] 

Ihese figures show the extreme importance of operating the sampling scope 
so that the peak-to peak excursion of the measured waveform provides a full 
scale deflection on the scope face Otherwise, a rather drastic reduction of the 
available dynamic range will occur 



THE LLNL ELECTROMAGNETIC TRANSIENT FACILITY 241 


Range Limitations 

Four limitations of the EMTF for assessing the EM plane wave response of full- 
sized structures have now been discussed. Three pertain to the nonplane-wave 
nature of the incident field: wavefront curvature, geometric attenuation {MR 
effect), and near-field components (~ MR 2 , ~ MR 3 )- The fourth is the bandwidth 
restriction to 3 GHz to avoid high-frequency errors in the data recording and 
processing. 

The bandwidth,/ mJK , of the EMTF is determined by the pulser spectrum, the 
transfer function of the transmitting antenna, and noise in the A/D conversion 
of a processed waveform. Figure 7-19 shows that the IKOR pulse amplitude 
becomes negligible beyond 3 GHz and the noise in its spectrum becomes ex¬ 
cessive. Figure 7-20 shows the same to be true for the NBS pulser if each 
measurement is averaged four times at each time point, but we observe that the 
spectrum is increased to 5:6 GHz if each time point is averaged 16 times. The 
behavior of the transfer function in Fig. 7-12, e mQ (f), independent of pulser, is 
sensibly constant out to —3 GHz, which means that the transmitting antenna 
departs from its ideal biconical model at higher frequencies. We see also in Fig. 
7-22 that the effect of 12-bit words in the A/D conversion and noise on the 
processed waveforms limits the bandwidth to =3 GHz. For these various reasons, 
/ m „ is considered to be essentially 3 GHz. 

The following limitations are discussed relative to the temporal EM excitation, 


£ EM = £ 0 [e~"' -c* 15 '] (7-9) 

where E 0 = 52.5EV, a = 4 x 10 + 6 , and (3 = 4.76 X 10 s . 

Nonplane-wave Incident Field. To assess the overall effect of these three 
factors on the EM data of structures with whip and loop antennas, the following 
experiments were conducted. The input impedence, Z,(f), of a 30-cm monopole 
on the ground plane was determined from measurement of the equivalent circuit 
°f Fig. 7-2. Also, /i c n{/) was computed for theoretical point excitation at the 
apex of the transmitter using the time-domain computer code TWTD. (Any 
convenient temporal excitation with sufficiently high spectral content will suffice 
or computing /? cff .) The circuit was scaled up to the full-size monopole length 
in the range 1 100 m. The EM response was obtained for resistive loads 

thc ran§e ’ 1 55 r l 10 6 , and contour plots of W L and the other integrated 
responses were plotted in the R l -L plane. 

N ® xt ’ lhe whole Procedure was repeated, starting with the measured Z, but 
of (A brr if) as computed for the theoretical plane-wave excitation at the apex 
e transmitter. The differences in the final response contours serve to estimate 









Fig. 7-21. When using the NBS pulser, the signal-to-noise, or 
S/A/, ratio is low in a narrow frequency range of =0.25 GHz. 
The scope-noise spectrum, N, is shown in (a) and the scat¬ 
tered-voltage signal, S, of a 5-cm monopole appears in (b). 
Their quotient, S/N in (c), dips below 1 at low frequencies but 
is generally greater than 10, out to 4.5 GHz. 
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Fig. 7-22. Reduction in the dynamic spectral range of a pro¬ 
cessed waveform, caused by both limited computer word size 
and noise: If we used a 48-bit computer word size, we would 
have the spectrum of a discrete Gaussian waveform shown 
in (a). Use of 12-bit words corrupts the spectrum above “5 
GHz in (b). Addition of a representative amount of white noise 
further reduces the useful dynamic range to =4 GHz in (c). 
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the effect of using an h M measured on the EMTF and scaled up to represent h tfs 
for plane-wave EM excitation of a full size antenna configuration 
Tjie differences in the response contours of this monopole are entirely neg 
ligible for all the responses of interest, indicating that phase differences for point 
and plane-wave excitations are not important, despite the relatively tall monopole 
(30 cm) compared to the distance from the transmitter apex (r 0 — 1 3 m) 

The above procedure was repeated for a 30 cm rectangular loop (15 cm hor 
izontal arm, 7 5 cm vertical arms), connected for “edge-on” incidence ( H m 
perpendicular to the plane of the loop) and with the load at the “first arrival 
point in the test target position (Fig 7-1) The EM response contours were plotted 
m the Ri-Lp plane (L p = full-scale loop length) and compared for h. :tf computed 
by point and by plane-wave excitation 

Again, the discrepancies are negligible, as exemplified by the energy contours 
in Fig 7 23 Evidently, the geometric attenuation and near field components 
cause negligible error m these EM responses, despite the fact that the loop 
extension away from the transmitter (15 cm) was about 10 percent of the distance 
from the nearest arm to the apex (r 0 — 1 3 m) 

Effect of Truncating the Frequency Response. To determine the UK 
range in which the EM integrated responses (energy dissipated, W L , peak current, 
voltage, power, average power, and Q 1 to 0 9-W t pulse width) are accurately 
determined, we reprocessed the data to obtain the EM responses of the whip 
on box and loop on box Instead of including the frequency response out to 4 
Ghz, we truncated it at 1 GHz, where ZA = I Comparison of the full frequency 
response contours m the Rl~L plane for various independent EMTF measure 
ments on the scale models indicates very small differences The largest differ 
ences are seen for peak current, and Fig 7 24 shows that, for the 30 cm whip 
on box, even these are small (The differences for the 30 cm loop-on box were 
comparable) 

These comparisons indicate the very important fact that the integrated EM 
responses of full size structures with antenna length L in the range 1 *£ L 100 
m, are essentially determined by the responses for Ll\ 1 In appreciation of 
this fact, Fig 7-25 plots the EM current responses in the frequency domain for 
a short tnonopole (L = 1 in) and loop (L p — 1 m perimeter) on the ground 
plane Even for these short antennas, the effect of the high frequency roll off 
of the EM spectrum seen in Fig 7-25(a) is small We have also plotted 2|P' C (/)| 
vs/, twice the nominal EM spectrum of Eq 7-10 because of ground plane 
reflection The magnitude of the transfer function, 

T(f) — _ hcitif) 

? nc (f) ztf) + 300 


(7-10) 
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Fig. 7-23. Energy contours (joules) illustrating the effect of wave-front curvature, field 1/fl- 
variation, arid near-field components on h en and EM-integrated response data: Solid-line 
energy contours are derived from scattered voltage measurements of a 30-cm loop on a 
ground plane using h etf computed for the plane-wave incidence in Fig. 7-10. The differences 
in the contours show that the errors in h c tt caused by the nonplane-wave nature of the incident 
field have a negligible effect on the derived EM response of full-size antenna configurations. 


is plotted in Fig. 7-25(b) for the monopole resistively loaded by 300 ohm. This 
is about the “worst” case load for maximum load energy and peak load power 
absorption in most whip and loop antenna configurations studied. 2 We see that 
\T\ diminishes steadily above LIK - 1 (f — 0.3 GHz). The product of the curves 
in Figs. 7-25(a) and (b) is current, \l L (f )|, as shown in Fig. 7-25(c). Above 
Ll\ = 1, the spectrum is more than two orders of magnitude below the low- 
frequency peak and diminishes rapidly as/increases. 

We now consider an extremely long monopole of L = 1000 m, again loaded 
with 300 ohm. According to the scaling laws 7/ =I000 (/) = 10007)^,(1000/). 
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Fig 7 24 Peak current contours show the dependence of integrated EM responses of fult 
size antenna configurations on the frequency response where UK < 1 EMI F measurements 
(whip on box Fig 7 26) were processed to obtain the EM contours m the Rl - P |ane 
according to full frequency behavior and to the LJ\ 1 response of the scaled up equivalent 
circuit The largest changes are seen for the peak current response for solid to dashed 
curves Effects of spectrum truncation on loop on box EM responses (Fig 7 26) are negli 
gible 

This means that T for the 1000 m monopole has the same relative shape as T 
of Fig 7-25b, but now the scale on the frequency axis is divided by 1000 The 
L/X = 1 point occurs at the same relative position on the scale At L/X — 
E 1 ™ is almost at its low-frequency peak, at the end of the scale, / = 1 2 MHz 
and £’ m; is about half its peak value Therefore, the current spectrum looks 
similar to that tn Fig 7-25(b) with a slightly faster roll off above L/X = 1 Since 
the integrated EM responses are essentially determined by the L/X ^ 1 spectrum, 
evidently there is much cancellation of high-frequency contributions to these 
responses, even for L = 1000 m 

Simitar remarks apply to loops of L„ = 1 m and 1000 m Figure 7-25(d) 





I T(f)| 
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re 3 1116 res P° nse of a wh 'P or ,00 P antenna is determined by its Ux<i behavior, 
(Eq 7 ° f lhe confi 9 uration around the antenna: (a) spectrum of incident nominal EM 
7 ‘ 9 ^ ; ( b ) \ T V)l for a 1-m monopole on ground plane; (continued on next page). 
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Fig. 7.25 (cont'd). The EM response of a whip or loop antenna is determined by its Uk s 1 
behavior, regardless of the configuration around the antenna: (c) load-current spectrum as 
the product of (a) and (b); (d) \T{f)\ for a 1-m loop on ground plane; and (e) load-current 
spectrum as the product of (a) and (d). 


shows that the spectrum of Tif) for the 1-m loop falls off more slowly above 
f-A - 1 but that the current response in Fig. 7-25(e) is an order of magnitude 
below peak at L/k = 1 and diminishes rapidly as/increases. For the 1000-m 
loop, the F-variation in Fig. 7-25(d) would occur over the range,/ =£ 1.2 MHz, 
and the relative current response looks essentially the same out to 0.9 MHz 
(LA = 3) because F nc (f) rolls off very little in this range. Even though the 
current spectrum rolls off so slowly above LJk = 1, the fact that the EM- 
mtegrated responses are essentially determined by the Ljk *£ 1 behavior indi¬ 
cates much cancellation of the high-frequency components. 

7-4 APPLICATIONS 

After calibrating the EMTF equipment and incident field of the transmitting 
antenna and validating the computations of equivalent circuit parameters from 
TDR and scattering data, one can proceed with confidence to measure scale 
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models These have included generic objects, such as whip and loop antennas 
on boxes, and models of real-life tanks, ships, and airplanes One can also 
process transient data to obtain the complex Singularity Expansion Method (SEM) 
poles that characterize a body 

We will now give examples of applications after assessing the effect of sta 
tistical errors on the integrated responses of a simple structure (whtp-on box) 


Statistical Errors 

To estimate the effect of all statistical variations on the response to the EM wave 
of Eq 7-10 of antennas mounted on configurations of interest, we selected a 
scale-model whip-on-box and a loop on-box The box was set on the ground 
plane (Fig 7-26) in the test target position on Fig 7-1 We made six independent 
EMTF measurements (one per day on successive days) on each scale model and 
processed each set of TDR and scattering data independently to obtain six sets 
of EM responses for each full-sized configuration (The scale factor was such 
that the full-sized antenna lies m the range of 1 to 100 m on the abscissa in 
Figs 7-26 through 7-3Q ) One of the runs on each model gave response curves 



hy/a = L p /a = 189, a = Wire radius, 
n s 2Iln(2L w /a)] * 12 


Fig 7 25 To assess the variations in integrated EM responses of antenna configurations 
caused by day to day vanations in EMTF measurements, the center whip on box and loop- 
on box configurations were measured repeatedly Each set of TDR and scattered voltage 
measurements was processed independently to obtain EM responses of full size structures 
The load, Z p = 300, corresponds to about the “worst worst" value (response maximized 
relative to both D/Lw, or D/Lp and to Rl) The whip length, L w , and loop length L p are each 
30 cm, the honzontal arm of the loop is 15 cm The EM response variations are shown m 
Figs 7-27 through 7-30 
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that were grossly in error relative to all the others; reasons for the error are 
unknown and these curves were discarded. 

The EM-integrated responses have been plotted as contours in the load resis¬ 
tance-antenna length plane with load reactance equal to zero. These responses 
are load-energy dissipated, W L ', peak current, (I L ) P \ peak voltage, {V L ) P \ and 
peak power, ( P L ) p . Each figure shows the variation in three of the contours for 
one of the responses. 

In Figs. 7-27 through 7-30 for the 30-cm monopole on the box, the horizontal 
variation in each contour for a fixed EM-load resistance, R L , is primarily a result 
of scope noise in the range, R L s 100; in the higher range, Z, variations pre¬ 
dominate. Variations in the EM response from the true value caused by calibration 
error. 8E inc , however, do not appear in the figures; the same calibration factor 
was used for all the data processing. The horizontal variations are not serious 
for this configuration because the scattered-voltage/scope-noise voltage ratio is 
greater than 10 in the important frequency domain below L/\ = 1. The antenna 
response is also sufficiently broad to minimize the frequency-domain errors in 
Z„ 



°J °° nt0UrS ° f thS conslanl ' loa d energy absorbed w. 
based on EMTF mp= , ^ SCa,ed ' up ' wh 'P-° n -box configuration of Fig. 7-26. Curves are 
MTF measurements made on five different days. are 





Fig 7-29 Day-to-day variations in the contours of constant peak voltage, (V L ) P , in the ft 
£.w plane for the scaled-up, whip-on box configuration of Fig 7-26 
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Fig. 7-30. Day-to-day variations in the contours of constant-peak-load power, [P L ) P , in the 
Rl-Lw plane for the scaled-up, whip-on-box configuration of Fig. 7-26. 


Complex Pole Evaluation 

There are other ways of obtaining frequency-domain information from transient 
data. A particularly intriguing approach is to use an exponential curve-fitting 
process based on Prony’s algorithm. 3 This technique is based on the premise 
that time-dependent data can be fit by a sum of complex exponentials, i.e., 


K 

f(nAt) = 2 -V CV ' A ' (7-11) 

1=1 

where n < N; a ( for i — 1, 2, ... K (K Nil) are the complex poles of a 
polynomial equation used in the Prony solution; and A,- is the complex amplitude 
or residue found in fitting the data with a least-squares-curve fit. 

Equation 7-11 has several unique properties that make it useful. First, it allows 
extrapolation of the time-sampled function to times later than those measured. 
Thus, it is possible to extrapolate the time response to times greater than the 
normal 20-nsec experiment sampling window or the free time of the ground 
plane, [t i s even possible to extrapolate backwards in time. Examples of both 
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forward and backward extrapolation are shown in Fig 7-31 for results derived 
from a calculated waveform Note, however, that the extrapolation only works 
over the time interval where the exciting pulse is no longer present 
Another feature of this exponential form (Eq 7-11) is the simple frequency 
domain transform that results from using the complex exponents and coefficients 
given in the following equation 


F(s) = 


A, 


(.r - a,) 


(7 12) 


where s = ju> 

Figure 7 32 shows the frequency-domain transform given by this method The 
comparable FFT for the same transient response is shown in Fig 7 33 One 
advantage of Eq 7 12 over the conventional FFT method is that this transform 
permits continuous frequency variation rather than the discrete sampling imposed 
by FFT A penalty is paid with the use of this method, however, in terms of 
computation time 



Fig 7-31 Example of forward and backward extrapolation of a (mite data sample 
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Frequency — MHz X 10 

Fig. 7-32. Frequency-domain transform as determined by the Prony method. 


A comparison of complex pole sets, a,-, obtained for a straight wire from a 
computed waveform response is shown in Fig. 7-34. The locus of these poles 
is comparable to those found via the Singularity Expansion Method (SEM). 4 


Structure-antenna Response (Whip Antenna on Tank) 

Geometry. The scaled-up model tank analyzed, with its whip antenna, is 
shown in Fig. 7-35.* The model was thoroughly sprayed with a highly conducting 
silver-impregnated paint. The integrated EM responses for the transient excitation 
of Eq. 7-10 are shown in Figs. 7-38 through 7-43 as solid lines for the scaled- 
up tank. For comparison, the EM responses of two similar structures, the scaled- 
up whip-on-large-box of Fig. 7-36 and scaled-up whip-on-short-box of Fig. 7- 
38, are shown in Figs. 7-38 through 7-43. 


The model tank and whip-on-boxes in this section were excited with the NBS pulser. 
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Frequency — MHz X 10 


Fig 7 33 Frequency domain transform as determined by tbe FFT method 

Method of Data Generation. EMTF data were measured on a scale model 
tank 25 times smaller than that shown in Fig 7-35 and were processed to obtain 
the equivalent circuit parameters Z t {f) and h e f f (f) in the frequency domain, as 
explained earlier The equivalent circuit was then scaled by a factor of 25 to 
represent the actual whip on tank Integrated responses to the EM spectrum of 
Eq 7-10 were computed from this circuit for various resistive loads in the range, 
ohm, and were then transformed to the time domain The antenna 
fatness parameter, ft, defined as 2 In(2 LJa)—a being the wire radius—was 
— 12 Data for the whip-on-large-box of Fig 7-36 and whip on-small box of 
Fig 7-37 were processed similarly for comparison of responses 
The large box of Fig 7-36 is taller than the tank body in Fig 7-35 and deeper 
in the direction away from the incident wave, but only slightly longer The small 
box of Fig 7-37 is about half as long and seven tenths as deep as the tank body 
but has the same height 

Integrated Data, Tank Model, The processed EM responses, W L , {Pl)p’ 
C4)/>> ( )p . (PlU, and T w , all vs R L (with Xc ~ 0), are shown for the full- 
size tank model in Figs 7-38 through 7-43 for tf> = 0 (broadside incidence), 



Pole (imaginory) — GHz 



Pole (real) — nX 10 9 Pole (real) — n X 1 0 9 

Upper left-half plane poles Upper left-half plane poles 

for calculated response. for measured response. 

(a) (b) 


Fig, 7-34. Comparison of measured versus calculated pole sets for a straight-wire target. 
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Rg. 7-38. IV L VS Rl (X l = 0) of the tank of Fig. 7-35 for both gun positions, A and B. Dashei 
shows the response of the whip-on-large-box of Fig. 7-36. The X denotes the responsi 
we comparable small whip-on-box of Fig. 7-37. 
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both with the gun m the front position perpendicular to the direction of broadside 
incidence (position A) and in the side position (position B) 

We notice that all the EM responses except <Ji.) P maximize for R L — 10 3 ohm 
All the responses are remarkably insensitive to the gun position, front or side 
Alt responses except (P L ) av are somewhat higher for the front position (A) 

Approximations by Whip-on-box Models. The responses for the com 

parable whip on-large-box of Fig 7 36 are indicated by dashed lines in Figs 
7-38 through 7-43 Despite the fact that the box is about twice as tall as the tank 
body, that it is considerably deeper in the — 0 direction, and that it has no 
turret, the whip on box responses are remarkably similar to those of the whip 
on tank For all the responses except W L , the whip on large box peak response 
is within a factor of 2 of the corresponding tank response, however, the peak 
box load energy dissipated is only 0 15 as much as the tank load energy 
The nearly peak responses for the whip-on small-box of Fig 7-37 are shown 



Fig 7 39 {P L ) P vs {X t = 0) of the tank of Fig 7 35 for gun positions A and B Dashed 
line shows the response of the whip on large box of Fig 7 36 The X denotes response of 
the comparable whip-on small box of Fig 7 37 
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Fig. 7-40. ( l L ) p vs fit (Xi. = 0} of the tank of Fig. 7-35 for gun positions A and B. Dashed 
line shows the response of the whip-on-large-box of Fig. 7-36. The X denotes the response 
of the comparable whip-on-small-box of Fig. 7-37. 


as Vs" in Figs. 7-38 through 7-43. Even though the box is about half as long 
and half as deep as the tank body, but of the same height, its responses are all 
remarkably close to those of the whip-on-tank. The small-box peak load energy 
absorbed is about 3 dB higher than that of the tank, whereas the large-box peak 
load energy underbounds that of the tank. 

Observations on These Box Approximations to the Tank Model. All 

the EM responses of the full-size detailed tank model are very insensitive to the 
gun orientation, whether forward or broadside, a plausible eventuality consid¬ 
ering the barrel is nearly perpendicular to P nc . The R L load that essentially 
maximizes any integrated response is 300 ohms. 

Hie comparable whip-on-small-box, scaled to have the edge whip length and 
height of the full-size tank model, has nearly the same “worst case” EM responses 
(ft;. - 300 ohm) as the full-size tank model, except for W L . The whip-on-small- 
box has about 3 dB more peak load energy. 
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Fig 7-41 (V L ) P vs R L (X L = 0) oi the tank of Fig 7 35 for gun positions A and B Dashed 
line shows the response of the whip on large box of Fig 7 36 The X denotes the response 
of the comparable whip on small box of Fig 7 37 


The whip on large-box is not as good an estimator of EM response of the full 
size tank model, particularly regarding load energy Wl The reasons are not 
obvious but may be due to the fact that the large-box whip was twice as far 
away from the incident side of the box as was the small box whip 
There is no real whip on tank simulation data presented here to compare with 
the model data above 

7.5 CONCLUSIONS 

We have described how a practical EMTF can be used effectively to evaluate 
the equivalent circuit parameters of a test antenna at its load port without resorting 
to sophisticated system modeling algorithms This frequency-domain circuit yields 
the integrated or differentiated response of a load on a full-size antenna exposed 
to an incident field with a spectrum which, when scaled to the test antenna, falls 
within the operating range of the EMTF and of the test load response 
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fig. 7-42. (P L ) av vs R l (X l = 0) of the tank of Fig. 7-35 for gun positions A and B. Dashed 
line shows the response of the whip-on-large-box of Fig. 7-36. The X denotes the response 
of the comparable whip-on-small-box of Fig. 7-37. 


Certain measurement constraints must be observed, in particular, the frequency 
sampling interval, A f = \IT mnx [T max being the clear time of observation of the 
waveforms, sometimes extendable by “zero filling”] and At = l/2/ max . Band¬ 
width (~/ max ,/ mM ) is established by factors summarized below. 

TDR measurements can be validated by comparing Z/(/) derived from mea¬ 
surements for simple monopole and loop antennas on the ground plane with 
direct computer code computations. Scattered voltage measurements can be val¬ 
idated similarly, without involving h e n(f) explicitly. After validation, one may 
calibrate the incident field by a short monopole of known /i eff (/) and known (or 
measured) Z,(f) and the measured scattered field. 

The effects of both systematic (deterministic) and statistical errors on antenna 
response should be considered. On the EMTF discussed, the systematic errors 
can essentially be calibrated out of the data with careful measurements. Statistical 
errors are more serious. Noise from pulser voltage fluctuations can be minimized 
by repeated averaging of the TDR and scattered voltage temporal waveforms. 
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Fig 7-43 T w vs R l {X l = 0) of the tank of Fig 7-35 for gun positions A and B Dashed line 
shows the response of the whip on large box of Fig 7-36 The X denotes the response of 
the comparable whip on small box ot Fig 7-37 


The discretization noise from rather short (12-bit) computer words and system 
noise can both restrict the dynamic range of an EMTF to about 2 5 decades, out 
to 4 GHz or so For these and other reasons mentioned, the effective frequency 
range of the EMTF under discussion is 3 GHz 

Excessive sampling scope noise m the low-frequency range (50 25 GHz here) 
causes variations in test-object Z, and h eft To minimize these, one should operate 
the scope with full-scale deflection of each measured waveform on the scope 
face 

The nonplane-wave nature of the incident field (waveform curvature, MR- 
attenuation, and near-field components) negligibly affects the EM integrated 
responses of typical whip- and loop-antenna configurations As a rule, these 
responses are essentially determined in the frequency interval Lfk 5 1 (where 
L is the physical antenna length), provided the incident field spectrum rolls off 
above this interval 

To show the net effect of all errors, we presented the integrated response data 
processed on five independent days for a scaled-up whip-on-box test object 
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Although the variations in each response were certainly not negligible, they 
allow for a meaningful assessment of the responses expected for the type of 
transient excitation involved. 

To illustrate applications, we have reliably evaluated the complex poles of a 
test object and the integrated responses of a whip antenna on a full-size tank 
exposed to transient excitation. Comparison of these responses with those of 
two comparable whip-on-box structures indicates that crude models of an actual 
test object will somtimes yield useful estimates of integrated responses. 
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Measurements of System Responses 
to Transient Excitations 

J. P. Castillo and L. Marin 


8.0 INTRODUCTION 

The interaction of transient (or broadband) electromagnetic fields with different 
electronic systems is a very complicated one The continuing dependence on 
increasingly more sophisticated, interconnected electronics makes systems more 
and more vulnerable to electromagnetic noise environments For systems to 
function in such environments requires that special measures be taken to protect 
the equipment The soundness of these protective measures needs to be verified 
upon the construction of the system prototype To maintain confidence in life 
cycle protection will require additional testing, but clearly economics demand 
that the need for such testing be kept to a minimum 

The measurement techniques discussed in this chapter are those commonly 
used during the experimental assessment of the level of protection to be afforded 
to various systems exposed to broadband or transient electromagnetic field envi 
ronments In this chapter, it is assumed that such fields are created outside the 
system, for example, the nuclear electromagnetic pulse and transient fields asso 
ciated with lightning discharges 

Two quantities must be assessed to determine the degree of immunity of a 
system to various electromagnetic noise environments On the one hand, there 
is the stress generated at various interfaces in a system by the extraneous en 
vironment On the other hand, there is the strength (or susceptibility) of the 
system at the same interfaces A safety margin, defined as the strength to stress 
ratio, can then be determined for each interface at various positions in the system 
for example, between electronics black boxes and the cables connected to them 
or between the walls surrounding a communications facility and all penetrating 
lines such as power cables or antenna connections 

In planning any measurement program, it is important to have a model in 
mind The interaction of transient EM fields with large systems is complicated 
not only by the physical and electrical complexity of the system as a whole but 
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also by the electrical properties of many of its components that are not well 
understood throughout the entire spectrum of interest. In order to guide t.:e test 
planning and analysis it is therefore often conceptually convenient to subdivide 
the problem into a set of subproblems, each one of which is simpler to obtain 
appropriate test data for. The response of the entire system can then be interpreted 
in terms of the behavior of the parts. 

One way of thinking of the EM stress problem is outlined in Fig. 8-1. The 
concept of shielding topology can be useful both as a means of actually protecting 
a system and as a way to understand its response to an incident broadband 
electromagnetic field. For each surface, one may define a number of fundamental 
problems that will determine the amount of energy penetration into the shielded 



Fig. 8-1. Electromagnetic stress interaction with electronic systems. 
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region These problems include field penetration through apertures, direct energy 
penetration along conductors piercing the shield, and field diffusion through 
imperfectly conducting shield surfaces 
The discussion m this chapter is limited to methods commonly used to measure 
transient responses (stress) of a system to a pulsed electromagnetic field These 
can consist of measurements of electnc or magnetic fields, of current or charge 
densities induced on the external surface of a system, such as the skin of an 
aircraft, or of current or voltage measurements on various cables, wires, or other 
lines inside a system This chapter does not discuss the measurement of the 
strength (susceptibility) of a system 

8.1 MEASUREMENTS AND MEASUREMENT TECHNIQUES 

This discussion will be limited to the types of sensors used in measuring such 
quantities as electnc and magnetic fields and currents and voltages on conductors 
Equipment used to record the measured signals are discussed elsewhere in this 
book (see Chaps 2 and 6) 

The measurements of free fields and surface fields are separated into the 
following categones 

1 Magnetic fields and surface current densities 

2 Electric fields and surface charge densities 

3 Monitoring techniques for free-field and surface field sensors 

The measurements of currents and voltages discuss the following 

1 Probes 

2 Monitoring procedures 

Magnelic-Fieid Sensors 

The basic principle involved when designing magnetic-field sensors is the voltage 
induced in a loop by a linking magnetic flux Thus, all electrically small magnetic- 
field sensors can be characterized by an inductance L and an equivalent area A, 
(relating the time rate-of change of the magnetic field to the induced open circuit 
voltage P^in the loop) The Thevemn equivalent circuit for the sensor is shown 
in Fig 8-2(a) 

Sometimes it is of interest to relate the H -field to the short-circuit current l sc 
induced in the magnetic-field sensor The parameter that relates these tivo quan 
titles is referred to as the “equivalent length,” l e [see Fig 8-2(b)] The equivalent 
area and length are related as follows 
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Fig. 8-2. Equivalent circuits for a magnetic-field sensor: (a) Thevenin equivalent circuit, and 
(b) Norton equivalent circuit. 


(XoA, = Lie (8-1) 

One requirement for the sensor to be useful is that L and A,, be well-defined 
and frequency independent. This, of course, implies that the sensor s linear 
dimensions are electrically small enough for the field it measures to be regarded 
as uniform across the sensor. 

Another quantity of importance is the sensor’s internal impedance relative to 
the line connected to the sensor. The output voltage, V L , from the sensor is given 
by 


V L = 


Zl 

Z L + j'wL 


V„, 


( 8 - 2 ) 


For the recorded response, V L , to be equal to V oc , it is required that |Z ; .| < wL. 
This condition defines an upper limit on the frequency content of the measured 
signal. It should be pointed out, however, that Eq. 8-2 can be used to deduce 
V„ c (and hence the magnetic field) from V L - 
One common type of magnetic-field sensor used for transient EM test purposes 
is the multigap loop (MGL). The sensor has the form of a right circular cylinder. 
On the cylindrical surface there are four distinct metal plates separated by a gap 
(the configuration, when unfolded from the cylindrical surface, is shown in Fig. 
8-3). The signals from gaps 1 and 3 are combined and the signals from gaps 2 
and 4 are combined to yield a differential signal output. The purpose of doing 
so is to minimize undesired E-field responses, even at the expense of a lower 
sensitivity. The transmission-line impedances and the gap angles are adjusted to 
obtain an optimum high-frequency performance from the sensor. 

Two different versions of this sensor exist, as is true of many other magnetic- 
eld sensors. The version used to measure magnetic fields in free space, shown 
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Fig 8 3 MGL B dot sensor 


in Fig 8 4(a), consists of a full cylinder and employs the principle of operation 
described above The other version, shown in Fig 8-4(b), is used to measure 
tangential magnetic fields (or, equivalently, surface current densities) on a con 
ducting surface It consists of a half cylinder mounted on a ground plane and 
has two gaps with a topological arrangement, as shown m Fig 8-5 This sensor 
is placed on (and electrically bonded to) the surface whose current density is 



Fig 8 4 (a) Free field B dot sensor, and (b) surface current density sensor 
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being monitored. The output signal from this type of sensor is usually an un¬ 
balanced signal, i.e., it can be directly connected to a coaxial cable. 

Electric-Field Sensors 

The design principle upon which electric-field sensors are based is that of inducing 
a voltage across a gap separating two conductors. Thus, electrically small electric- 
field sensors can be characterized by a capacitance C and an effective height h eJf 
(relating the electric field to the induced open-circuit voltage across the gap). 
The Thevenin equivalent circuit for such sensors is shown in Fig. 8-6(a). 

The open-circuit voltage is characterized by the sensor’s effective height. The 
short-circuit current, I sc , on the other hand, can be characterized by an effective 
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Fig 8 6 Equivalent circuits for electric field sensor (a) Thevenm equivalent circuit and (b) 
Norton equivalent circuit 


area, A cir , that relates I sc to the incident D field (D lnc = So E mc ), as shown by 
Fig 8 6(b) The effective heights and areas are related as follows 


e o ^eff ~ C X (8 3) 

As is the case with magnetic field sensors, electnc-field sensors must be 
electrically small so that the field they measure can be considered quasistatic 
This condition makes their size depend upon the highest frequency component 
that is to be recorded 

The internal impedance of the sensor influences the signal that is measured 
by a recording system whose matched impedance is Z c (usually 50 H) In this 
case. 


_ ju>£oE mi .A e ffZc ^g_4j 

L I + juiCZ c 

From this formula, it is dear that an accurate knowledge of the sensor’s 
effective area is of importance An accurate knowledge of the internal capacitance 
may be less critical, especially if the associated impedance is large compared to 
Z c 

The electnc-field sensor most commonly used m transient EM field tests is 
the hollow spherical dipole (HSD) sensor, as shown in Fig 8-7(a) This sensor 
consists of a sphere with a narrow slot around its equator A symmetry ground 
plane is inserted between the two hemispherical surfaces The signal picked up 
by each hemisphere flows to the ground plate through four equally spaced 200- 
f! stnp lines The four lines from each hemisphere are then joined to provide a 
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Coaxial Cable to 
Monitor Equipment 



Fig. 8-7. Electric-field and surface-charge-density sensors: (a) free-field sensor, (b) surface- 
charge sensor, and (c) typical measurement arrangement. 


50-Q output source. A balanced (differential) signal source is then obtained by 
combining the outputs from each hemisphere. 

Measurements of charge densities can be made using a single hemisphere 
mounted on top of a ground plate, as illustrated in Fig. 8-7(b). This plate, in 
turn, is placed on top of the surface where measurements are to be made using 
Rearrangement of Fig. 8-7(c). The sensor then picks up the local normal electric 
field (or charge density) provided the field is properly bonded to the surface, as 
discussed in the next section. 
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Techniques For Mounting Sensors 

When acquiring high-quality electromagnetic data, every effort must be made 
to control the instrumentation topology Probes, cables, and recording devices 
must be laid out m a way that will minimize perturbation of the electromagnetic 
fields Various methods to minimize measurement errors introduced by the pres¬ 
ence of instrumentation will be discussed, including the following 

1 Sensor placement and grounding methods 

2 Placement of shield boxes housing recording equipment 

3 Cable routing and grounding methods 

Sensor Placement and Grounding Methods. One of the most important 
considerations when making electromagnetic-field measurements is the electncal 
bonding or grounding of the field sensor and associated cabling to the surface 
where measurements are to be made Figure 8-8 shows a field sensor mounted 
on a surface where the field quantity is to be measured In this particular case, 
the surface is metallic (highly conducting), and the sensor ground plane makes 
continuous electrical contact with the surface The cable is routed directly through 
the surface with a minimum loop and peripherally bonded (via a connector) 
where it penetrates the surface The part of the cable that penetrates beyond the 
surface need not he either shielded or bonded and can be routed to other equipment 
in the most convenient manner Every effort must be made to keep the externa! 
cable loop size (circumference) small compared to wavelengths of interest Con 
tinuous bonding of the cable along the sensor ground and along the surface is 
preferred If the cable cannot be routed through the surface locally, as in Fig 
8-9, the cable must be either continuously or periodically bonded to the con 
ducting surface Again, the loops formed when the cable is periodically bonded 
must be smaller than the wavelengths of interest 


SHIELDED CABLE 
(MINIMUM LOOP) 


FIELD SENSOR 

ENSQR GROUND PU 


SURFACE BEING MEASURED-? 

(METAL) / j^j _j__ _ ^ 




TO TELEMETRY OR RECORDING EQUIPMENT 

Frcj 8 8 Sensor with cable hidden within surface being measured 
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ELECTRICAL CONTACT 


(CONTINUOUS OR PERIODIC) 


Fig. 8-9. Local sensor grounding topology. 


In Fig. 8-10, current and voltage probes are shown in the preferred electrical 
topology. The cables leading from the probes to the recording instruments are 
continuously or periodically bonded in accordance with the same rules as those 
discussed for the sensors. Every effort must be made to reduce the amount of 
perturbation to the system topology. 

Experiments have been conducted using the 200-0 cone ground-plane setup 
shown in Fig. 8-11 to determine practical means for accomplishing this require- 
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Fig. 8-10. Probe grounding. 
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ment * The pulse source is located at the cone apex An HSD sensor is used to 
measure the cone pulse output first by properly attaching (grounding) the sensor 
to the ground plane and second, by isolating the sensor with a thin mylar sheet 
from the ground plane The results are shown in Fig 8 12 As can be seen from 

this figure, the introduction of the insulation changes the measured pulse form 
substantially 

Measurement-Cable Grounding Figure 8 13 depicts a sensor and cable 
mounted on a conducting surface The sensor is electrically connected to the 
surface with either conducting tape or metal screws The distance between cable 
grounds close to the sensor is approximately 30 cm (loop resonance frequency 
about 500 MHz) and approximately 50 cm (loop resonance frequency about 300 
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HSD-SIA (R) 
Properly Attached 



Sensor Response 20 mV/Qiv 

5 ns/Div J 


Fig- 8-12. Results of sensor bonding experiment: properly attached HSD and response at 
(a) 200 mV/div., 5 ns/div.; and (b) 20 mV/div„ 5 ns/div., HSD isolated by insulator and 
response at (c) 20 mV/div., 5 ns/div. 


MHz) at greater distances from the sensor. These distances are selected so that 
the resonant frequencies introduced by the loops formed by the bonds are higher 
than the maximum frequencies of interest. For the example shown in Fig. 8-13, 
the maximum frequency of interest is approximately 100 MHz. Higher frequen¬ 
cies would require closer spacing between the cable grounds. 

If a dielectric layer (such as from a coat of paint) separates the conducting 
surface from the sensor and cable, it should be removed to allow for good metal- 







where S is the sensor plate area, z r is the relative dielectric constant for the 
dielectric, e 0 is the permittivity of free space, and A is the thickness of the 
dielectric layer 

Sensor Location. When making surface current or charge density measure 
ments, great care must be taken in placing the sensors Considerations include 
the size of the sensor and its distance from edges or other discontinuities Ideally, 
sensors should be located at least 10 wavelengths away from an edge or dis 
continuity, but experience has shown that acceptable measurements usually result 
if the sensor is located two to three sensor diameters away For making certain 
measurements, this may mean selecting smaller sensors with associated lower 
sensitivities 

The requirement for placing sensors some distance away from edges or dis 
continuities is due to two facts (1) The current and charge densities near these 
regions change very rapidly as a function of distance, and (2) the field distribution 
is more likely to be modified as the sensor is positioned closer to them However, 
it is often not necessary to obtain detailed measurements of the current and 
charge densities close to edges or discontinuities, rather, only knowledge of the 
global values of a large structure, such as a wmg or fuselage, is desired In this 
case, every effort must be made to locate the sensors as far from edges or 
discontinuities as possible 


MEASUREMENTS OF SYSTEM RESPONSES TO TRANSIENT EXCITATIONS 281 


Cable Routing. Figure 8-14 shows two examples of cable routing that should 
be avoided. The original topology in both examples is seriously modified by the 
introduction of a conducting instrumentation cable. If this type of cable layout 
is unavoidable, a fiber optic or other dielectric transmission system should be 
used. Figure 8-15 shows an acceptable method for routing conducting cables for 
the same geometries shown in Fig. 8-14. 

Placement of Shield Boxes Housing Recording Equipment. Local 
field distortion will also occur when large metallic items—e.g., a shield box— 
are introduced. Although it is sometimes desirable to locate the recording system 
remotely, it is often necessary to locate it nearby. Not only must the system be 
isolated from local fields, it must also be placed to minimize its perturbation of 
the fields being measured. The “best” configuration, one in which the recording 
system is “hidden” within the system (object) where the measurements are being 
made, is shown in Fig. 8-16. 

In the many cases when it is not possible to access holes with feed-through 
connectors, the recording system must be located outside the object in the mea- 
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Rg. 8-14. Unacceptable cable routing over slot or other aperture. 



282 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


SLOT OR APERTURE 



surement volume itself, a configuration shown in Fig 8 17 If the system under 
measurement contains continuous metal surfaces, then the cabling connecting 
the sensor to the recording system should be extended so that the latter is located 
away from any incident (excitation) field For transient measurements, the re 
cording system should be located far enough from the sensor so that reflections 
from it to the sensor occur at times that are long compared to the measurement 
time of interest In the steady state, a recording system so located will always 
cause problems by changing the resonant frequencies of the object system In 
this case, either the recording system should be made as small as physically 

possible or femte beads should be inserted on the cable to damp out the reso¬ 
nances 

If the surface between the sensor and the recording system is not continuous, 
a fiber optic or dielectric microwave link should be considered as a means of 
completing this connection Care must also be taken at the final connection 
between the cable from the sensor and the shield box containing the recording 
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equipment. Figure 8-18 shows a typical transition from the shielded cable (or 
sensor) to the shielded box. An extra coaxial shield is introduced at the adaptor 

(a) and is fanned out to mate with the feedthrough connector at the shield box 

(b) . The points of contact between the shielded cable and the adaptor and between 
the feedthrough and the shield box are electrically bonded peripherally. The 
shielded cable is then continued through the shield box to the oscilloscope or 
other recording equipment (c). The oscilloscope is isolated from the shield box 
further to reduce any electromagnetic interference with the recording system. 

Current Measurements 

Field measurements are important when it comes to characterizing the environ¬ 
ment to which a system is being subjected. Similarly, current and charge density 
measurements are most important when it comes to characterizing the external 
response of an object to an incident electromagnetic field. In determining the 
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amount of electromagnetic energy that penetrates through various surfaces to 
reach electronic equipment located inside a system, it is necessary to measure 
currents and voltages on various lines. 

Probes commonly used for measuring line currents usually consist of a to- 
roidally shaped core of high-permeability material. A coil is then wound around 
the toroidal core. Thus, the current probe can be viewed as a transformer in 
which the primary side (the line being measured and around which line the probe 
is mounted) has one turn and the recorded probe signal is the output from the 
secondary side. Current probes are usually characterized by their transfer imped- 
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Fig. 8-19. Schematic of current probe. 
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ance, which relates the current being measured to the output voltage of the probe 
when it is connected to a 50-fl recording system Most probes now in use have 
an almost frequency-independent (flat) transfer impedance between 0 1 and 100 
MHz A schematic diagram of a current probe and the frequency variation of a 
typical probe transfer impedance are shown in Figs 8-19 and 8-20 

The output of a probe C3n be connected either to a coaxial cable or a fiber 
optics transducer The coaxial cable guides the probe-induced RF signal to the 
data acquisition equipment Installation procedures for interconnecting cables 
have already been discussed 

Break-Out Boxes 

It is often of interest to measure the current on wires located inside an overall 
cable shield These measurements must be performed in such a way that the 
integrity of the shield is not compromised while they are being performed The 
technique commonly used is to install a break-out box and break-out cable This 
assembly can be installed naturally wherever the cable terminates m a connector 
and connects to an electronics box or rack A diagram of the break-out cable/ 
box is shown in Fig 8-21 

The continuity of the shield on the cable being measured is maintained by 
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When box is closed, seal seams 
copper conductive tape. 

Fig. 8-21. Typical break-out cable/box assembly. 

way of the break-out cable shield and the break-out box walls. The current probes 
are placed inside the break-out box with special feed-through connectors mounted 
on the break-out box. Access to the inside of the box is accomplished by making 
the box from two half cylinders that are hinged together on one side of the 
cylindrical surface. For the box to maintain its shielding properties, the joint 
between the two halves needs to be sealed electromagnetically (such as covering 
it with conducting copper tape). As shown in Fig. 8-21, the probes that are used 
to measure currents can either be small ones (allowing for the measurement of 
the current in an individual wire) or large ones (allowing for the measurement 
of the total current in a wire bundle). 

Voltage Measurements 

Voltage measurements of large signals such as those usually present on HF- 
antenna-system leads are straightforward to perform. Open-circuit voltages on 
coaxial cables connected to HF antennas can be measured by connecting a high- 
voltage probe to the end of the cable, as shown in Fig. 8-22. The probe, in turn, 
ls connected to the recording equipment (such as the oscilloscope shown in Fig. 
8-23). 

Break-out boxes, as described in current measurements, are also used in 
voltage measurements to gain access to an individual wire inside a shielded cable 
vvithout disturbing the connection between the cable and the equipment to which 
u is connected. Since the induced pin voltages are relatively small, sensitive 
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Fig 8 22 Open circuit voltage measurements on coaxial cables (a) probe connection and 
<b) equipment arrangement 


voltage probes are commonly used for these measurements These probes are 
equipped with an E-Z hook at the probe tip to catch the wire to be measured 
Since the probes are fabricated without any surrounding shield, the noise picked 
up by the probe is usually unacceptably large compared to the level of the 
measured signal, and it is therefore necessary to modify the probe by surrounding 
it and its cable by a braided cylindrical shield On one end of the cylinder, the 
braid is tightly bonded to the break out box, and, on the other end, it is bonded 
to the backshell of the oscilloscope connector The tight bonding can be achieved 
by using conducting copper tape The shielding integrity of the voltage probe 
can be verified by recording the noise level with the probe short-circuited and 
placed near the wire to be measured 

As illustrated in Fig 8-23, the load voltage for a wire can be measured by 
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f ' 9- 8-23. Open-circuit and load-voltage measurements with break-out boxes: (a) physical 
arrangement, (b) load voltage, and (c) open-circuit voltage. 
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attaching the probe to the wire without breaking it The wire mside the break 
out box is usually prefabricated by breaking it at the middle, stripping out small 
portions of insulation near the breaking point, and welding a socket connector 
to each side of the broken wire The wire can then be reconnected simply by 
snapping the socket connector together 

The open circuit voltage induced on the wire can be measured, as illustrated 
in Fig 8 23, by disconnecting the wire (all other wires in that bundle remain 
connected) and attaching the probe to its cable side 

8 2 THE USE AND ANALYSIS OF DATA 

As mentioned in the introduction, the measurements of transient signals are made 
for different purposes The underlying reason stems from the fact that small 
sized electronic circuits, whether they use discrete components or integrated 
circuits, are susceptible to malfunction or damage caused by electromagnetic 
transient interference The problems are particularly common m data processing 
circuits because these circuits often cannot distinguish between a spurious tran 
sient and a legitimate signal because they are designed for small switching levels 
m order to conserve power and reduce heat dissipation problems Logic levels 
are often a few volts or a few tens of milhamperes in these circuits 

On the other hand, transients associated with different electromagnetic inter 
ference environments such as lightning, EMP, and power switching commonly 
have peak currents and voltages that are significantly larger than those tolerated 
by logic circuits Thus, if small signal electronic circuits are to be operated in 
the adverse conditions created by these EM noise environments, it is necessary 
for the transient currents and voltages induced by them on various lines to be 
reduced to a level that is unharmful to the electronic equipment One purpose 
of the time domain measurements is to establish the transient coupling levels at 
different locations inside the system 

The signals recorded during EMP tests have a frequency content that spans 
roughly four decades or more (from around 10 kHz to around 100 MHz) These 
signals can be recorded using available equipment (i e , oscilloscopes for analog 
display and transient digitizers for digitally formatted data) Thus, the techniques 
for capturing the data are quite straightforward, and the problems associated 
with these tests are not the measurement of a single current/voltage/current 
density/charge density The problem one usually encounters lies with the total 
number of measurements needed to characterize the electromagnetic response at 
a given set of system interfaces These responses are needed to evaluate the 
system hardness to extraneous electromagnetic field environments Furthermore, 
since the spatial characterization of the overall system response requires making 
a large number of measurements at different locations, it is necessary to capture 
the temporal characteristics of the signal with a few scalar quantities Examples 
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will be given in this section of quantities that can be used to characterize the 
system’s temporal and spatial response characteristics. 


Measured Waveforms 

The direct output of the equipment used during the tests is a time-domain wave¬ 
form, as shown in Fig. 8-24, from which all information about the measured 
response is to be derived. Properties that can be determined directly from it 
without much processing are peak values of the measured response and estimates 
of major resonance frequencies. Peak values, which can also be measured directly 
using special peak detectors, can serve as a first rough estimate of the overall 
magnitude of the measured signal but do not yield any information about the 
overall energy content, duration, rise time, or oscillating behavior of the mea¬ 
sured signal. In certain applications, the peak value may be all the information 
that is needed, such as when verifying whether a response is below a given 
current level. Even though it is possible to determine the frequencies of the 
major resonances directly from the time-domain waveforms, it is usually difficult 
to determine their respective magnitudes to any reasonable degree of accuracy. 

Spectral Density of Measured Waveforms 

The resonances contained in a measured signal are uncovered most efficiently 
from its Fourier transform. This fact is one reason why much of the study and 
characterization of system responses takes place in the frequency domain even 
though it is transient phenomena that are of main interest. Examples of spectral 
densities for measured signals are shown in Fig. 8-24. The few examples shown 
in this figure indicate that measurements made at different locations have vastly 
different spectral characteristics. These results suggest a view of the system as 
alarge filter, with the filter characteristics being a function of the location selected 
inside the system. 

The frequency-domain representation of a measured response also allows one 
t0 est ' mate the system’s response to an environment other than that used during 
testing. This procedure is simple if the two environments have the same spatial 
characteristics but differ only in their temporal (or spectral) behavior. It is often 
'cry difficult to reproduce in a test facility a field with all the spatial properties 

field g ' Ven Specified field ' Estimates of the system’s response to the specified 

e based on extrapolated test responses become increasingly more uncertain 
as t e test field deviates from the specified field. 

n K( , rC , qilency ' doma ' n representation can also be useful in cases where there is a 
the * 0r an approximate reproduction of a certain current/voltage waveform at 
of “ nnector of an electronic box. This need could originate from a requirement 
£mg able to test the performance of a certain box in the laboratory to 
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extraneous pulses that are similar in nature to those found during system tests. 
One way of reproducing the waveform is to construct it from a superposition of 
a few damped sinusoidal oscillations. The resonance frequency, damping con¬ 
stant, and amplitude of these oscillations are usually obtained from the spectral 
density of the transient pulse at hand. 


Scalar Quantification 

Scalar quantities are often introduced so that one can quantify, by a single 
number, the sensitivity (or immunity) of various equipment to the field envi¬ 
ronment considered. Thus, at a given interface (say a box connector), the scalar 
quantity is used to quantify both the strength of the equipment and the stress 
caused by the incident field environment. The strength-to-stress ratio, referred 
to as the “margin,” is usually expressed in terms of decibels. 

In defining the scalar quantities, it is important to incorporate those charac¬ 
teristics of the pulse that can cause equipment malfunction. To determine these 
characteristics requires that the equipment failure modes be understood. Since 
the failure modes are equipment specific, it is difficult to define general rules 
for defining the scalar quantities. From a practical point of view, on the other 
hand, it is necessary to have a few quantities that can be universally applied to 
an entire system with all its various types of equipment. Quantities that have 
been or are now in use are described below. 


Peak Values. The time-domain peak values are the crudest way of charac¬ 
terizing the measured signal. Such rough estimates are sufficient in many ap¬ 
plications when order-of-magnitude estimates only are needed, for example, 
measurements made at certain interfaces before and after the installation of a 
particular protection device. A well designed and installed device often results 
in the reduction of the induced response by at least a few orders of magnitude. 
Peak-value readings tend to capture the important features sought for under these 
circumstances. 


Historically, peak values were of chief importance before extensive use came 
,0 mac l c of digital-data recording equipment. When only analog data (in the 
orai °f oscilloscope traces) were available, the automatic processing of large 
nmounts of data was not feasible. The peak value was one characteristic that 
could be readily recorded and used for further analysis. With digital data now 
irectly available, one can perform different operations on it to define various 
sea ar quantities. This ability has led to the use of some other scalar quantities. 


Total Energy and Peak Power in Pulse. A common type of failure that 
n occur in a circuit is component failure caused by overheating. If all the heat 
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phenomena involved in the component are adiabatic (so that there is no transfer 
of heat away from the critical region of the component), then the important 
quantity describing the failure mechanism is the total energy in the pulse It 
should be pointed out that the pulse discussed here is the current/voltage pulse 
arriving at the critical component Since it is not possible to make measurements 
at the component level m most applications, one has to make them at the box 
connector/pin level Even though box-susceptibility levels vary from one circuit 
design to another, the pulse power at the pin still points towards one useful 
quantity 

In cases where component failure is caused by overheating but heat transfer 
in the bulk material is of importance, the instantaneous power delivered to the 
component can be used to quantify its susceptibility level The largest power 
present during any period of the pulse is called the “peak power ’’ Peak power 
quantification of the susceptibility level assumes that the heat transfer is efficient 
so that the temperature rise is proportional to the instantaneous power 

When quasi-adiabatic heat processes are involved, the fact that the temperature 
increase is a function of the entire pulse shape makes it more difficult to define 
a single scalar quantity of the failure level The two limiting cases of total power 
and peak power tend to limit the susceptibility levels caused by quasi adiabatic 
heat transfer 

Time Rate of Change and Time Integral of Pulse, The failure mecha 
msms related to pulse power and energy are primarily thermally caused failure 
modes Other malfunctions can be caused by voltages occurring at a critical 
point Mechanisms that contribute to this voltage are voltage drops along leads 
and voltage build ups across narrow gaps or junctions In the first case, the 
voltage is an inductive one caused by the time rate of change of current in the 
lead In the second case, the voltage is a capacitive one resulting from a build 
up of charges and is proportional to the time integral of the current 

The overvoltages thus created in a circuit may not cause any physical damage 
to the components involved but may trigger logic circuit elements and thereby 
cause transient upsets These upsets may or may not result in overall equipment 
malfunction 

Arrival Time of Pulse at Different Locations. The scalar quantities dis 
cussed so far primarily refer to those used m determining the immunity of 
electronic equipment to various transient interference signals In this use of the 
data, it is the local properties that are of importance The relationship between 
current pulses at different locations within the system is not of concern in this 
application In other applications, establishing the relative arrival time of current 
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pulses at different locations is of value. By measuring this quantity together with 
the overall magnitude of the response at these locations, it is possible to establish 
coupling mechanisms. Doing so is of special value when it is necessary to locate 
points where electromagnetic energy leaks into a system, such as through the 
skin of an aircraft. 
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9 0 INTRODUCTION 

The use of transient electromagnetic remote sensing for subsurface probing was 
begun in the early 1960s with Army-sponsored work at M I T devoted toward 
nonmetalhc land mine and tunnel detection 1 Since that time, the technique has 
spread to several more applications requiring the detection or mapping of non 
metallic subsurface features, including buried utility lines, archeological sites, 
subsidence in soil, and plastic pipe and nonmetalhc drain tile location 
For all of these applications, the system configuration follows the general 
outline shown in Fig 9 1 (Specific systems based on this block diagram are 
being used by at least four organizations Geophysical Survey Systems, Inc, 
ENSCO, Inc , Microwave Associates, Inc , and Southwest Research Institute) 
An impulse generator emits a synchronized impulse that is coupled to the ground 
by a very' broadband antenna The impulsive electromagnetic energy propagates 
through the lossy, nonhomogeneous, dispersive soil and is partially reflected by 
any localized contrast in the electrical parameters of the medium This reflected 
energy is received by another antenna on the surface, and the signal is detected 
and processed in the time domain by the receiver block 
Several features inherent in the purpose and environment of these systems 
favor the transient approach, including (1) target identification, (2) soil prop 
agation, (3) target range and resolution, (4) undesired signal charactenstics, and 
(5) environment variability 

Target Identification 

It is assumed for all these applications that many varied regions of local electrical 
parameter variation exist in the soil for depths of a few inches to tens of feet 
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Fig. 9-1. Block diagram of subsurface-probing radar. 


Some are likely to be naturally occurring, such as the water table, layers of 
differing soil, and soil nonhomogeneities. Others may consist of a wide variety 
of man-made targets, both metallic and nonmetallic. In virtually all real-world 
applications of this technology, target identification or discrimination is required 
in addition to simple echo detection. Information related to target identity is 
available by recording either echo vs. system location, or echo vs. frequency, 
or both. For surface remote-sensing systems where it is impossible to “get on 
tbe other side of the target” (as in a tomographic approach 2 ), frequency spectrum 
information takes on increased importance. Those frequencies known to be most 
useful for identification have wavelengths comparable to the size of the object 
or smaller, with the smaller and smaller wavelengths (higher frequencies) giving 
more and more resolution. Considering the targets of interest and typical soil 
properties, frequencies for these systems thus range from about 1 MHz to about 
3 GHz. Either a swept frequency or a transient system could be used to cover 
such a frequency spread. 


Soil Propagation 

For the frequencies of interest, soil can be characterized as a lossy, dispersive 
medium.' 1 ' 5 Water and salt content have the most important effect on its prop- 
^ 10n Properties. 6 Energy will penetrate much deeper and travel much faster 
!" r -’' sand >' so il than in most clay. In almost all applications, however, there 
IS 3 5l! '" cicnt ran ge of target depths that the effect of soil properties on the echo 
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signature of buried targets must be considered Both echo size and echo shape 
are affected Furthermore the effects vary as different (unknown) soil conditions 
are encountered Experimental procedures have been developed for soil param 
eter measurements in situ and the variability of soil propagation vs location 
depth and weather has been demonstrated 7 9 If a transient system is used the 
receiver sensitivity can be controlled to compensate for the loss vs penetration 
depth (time delay) characteristics of the soil This system is a significant ad 
vantage over a swept frequency approach 

Target Range and Resolution 

The expected depth of the targets and the resolution desired in order to identify 
them properly are important factors when comparing the transient system ap 
proach to a more conventional radar technique the pulsed carrier signal system 
A normal pulsed carrier radar system transmits a burst of from about ten to 
hundreds of cycles of its earner frequency with a repetition rate that is determined 
by the desired target range normally several miles The range of the subsurface 
targets of interest begins at a depth of just a few inches and resolution of a foot 
or less is desirable Also the carrier frequency of subsurface systems is limited 
to values less than 1 GHz by soil properties as has already been discussed This 
combination of constraints leads to & pulsed earner system with just one half 
cycle of earner—in other words to a transient radar system—as the best choice 
for subsurface probing applications 

Undeslred Signal Characteristics 

In addition to the target echos several sources of undesired signal m a real 
world subsurface probing system impact on its design One of these is random 
noise as found in any radar system Also there is direct coupled energy from 
the transmit to the receive antenna as well as echos from nearby objects on the 
surface Finally for many applications the echos from soil nonhomogeneities 
could be classed as undesired signals For sensing applications involving targets 
less than 30 feet deep and with sensing antennas near the soil boundary for 
example it has been found that undesired returns that are random with respect 
to location predominate over the noise components Therefore the time gating 
of a transient system makes it more suitable than a frequency system for ehm 
mating such signals The frequency system on the other hand would perform 
better against noise by its use of narrow band filtering 

Environmental Variability 

The impulse is a simple waveform in the time domain and has the property of 
degrading gracefully as it propagates through the lossy soil to an approximately 
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Gaussian shape of longer than original duration. Even when the soil loss char¬ 
acteristics vary, its shape stays the same, a property that makes the results much 
easier to interpret in widely different soil media. 

9.1 SOIL PROPAGATION CHARACTERISTICS 

Since each of the preceding topics has alluded to the soil medium in which the 
subsurface sensing radar must operate, it is obvious that an understanding of 
electromagnetic propagation in soil and rock is fundamental in a discussion of 
sensing system design concepts and performance. 

For most buried-target radar-sensing applications, the soil can be characterized 
as a nonmagnetic (p, = p<j) lossy dielectric medium having a frequency-depen¬ 
dent relative dielectric constant and conductivity cr. The concept of a low 
frequency window (LFW) and high frequency window (HFW) has been intro¬ 
duced to simplify the description of propagation behavior in typical geological 
media. It is best defined in terms of the curves of Fig. 9-2, in which |fi e0 | is the 
transverse dc electric-field intensity at the observation point shown and |£ e | is 


O 
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the electric field intensity as a function of frequency for an infinitesimal dipole 10 
The frequency at which the normalized quantity |£e|/|£'< K) |, is at -3 dB is the 
cutoff frequency of the LFW The frequency at which the normalized field again 
reaches 0 dB (as frequency is increased) is the cutoff frequency for the HFW 
The major difference that occurs when a definite length of antenna is introduced 
consists of a resonance behavior in which the level in the HFW attains a peak 
as the frequency is increased If the operating point in Fig 9-3 is to the left of 
a particular slanted line, then detection in HFW is practical at the range indicated 
For example, at cr = 10 3 Silm and e, = 4, the (X) would indicate that detection 
is possible using the HFW at a depth of 30 m 

Pulse Propagation in the HFW 

For propagation between parallel dipoles in the HFW, the transmission transfer 
function is more strongly dependent on frequency than in the LFW Conse 
quently, there is significant distortion of the input pulse In particular, because 
insulated antennas will inevitably be used for HFW radars, there is effectively 
no transmission at low frequencies, and the received signal will have no average 
(dc) value To obtain efficient transmission m the HFW when using dipole type 
antennas, it is necessary to choose the antenna length so that antenna resonance 
occurs in the frequency band of operation of the radar A design goal is to 
minimize this resonance so that the antenna has a wide bandwidth, but the same 
constraints on the length of the antenna will still be expected to exist Improve 



Fig 9 3 Design graph to determine whether radar operatron should be HFW or LFW 
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ments in the antenna design will be discussed in a later section; only propagation 
between simple dipoles is considered here. 

There are several advantages in operating a radar in the HFW, among them 

the following: 

1. The antenna is portable (because it does not have to be in conducting 
contact with the ground) and considerably smaller in general than an LFW 
radar antenna. 

2. The band of frequencies that can be transmitted is often many decades of 
frequency higher than that passed by the LFW, with the result that short 
input pulses can be used and a much wider separation in time obtained 
between the transmitted and received signals (called a “clear range win¬ 
dow”). From a signal separation viewpoint, this clear range window means 
that it is possible to use the same antenna for transmitting and receiving. 

3. High-frequency scattering information means that identification of targets 
whose characteristic dimensions are of the order of one or two meters is 
feasible. 

Operation in the HFW does not imply that the received waveform is a reduced 
replica of the transmitted waveform even though the attenuation factor is not 
explicitly a function of frequency and the propagation factor is a linear function 
of frequency. Of a number of reasons for this waveform shape change, most 
prominent and important are the changes introduced by the target, which form 
the basis for target identification capability. The antenna also introduces changes 
in waveform shape. There is also the possibility that the electrical parameters 
are frequency-dependent, which would introduce implicit frequency dependence 
in the attenuation and propagation factors. 

The concept of an attenuation factor has been retained in this discussion in 
spite of the received signal not being, in general, a near replica of the input 
signal. Its usefulness is that it relates the peak amplitudes of the transmitted and 
received signals. The transmitted signal will usually be a simple signal, such as 
a pulse or doublet, and is readily described by its peak amplitude. The peak 
value of the received signal is useful as a measure of the “visibility” of the signal 
to the receiver. 

It was shown that for propagation to be practical in the HFW, the dip in the 
requency response curve for the elemental dipole (see Fig. 9-2) should be less 
t'an about 10 dB. If the radar antennas are insulated, then the frequency band 
° operation of the radar should be on that part of the curve where the electric 
$ e of Fig. 9-2 slopes upward at 6 dB per octave of frequency. If it isn’t, then 
p f n ' s '2 nal loss will occur because the conduction currents are not strongly 
ci ed when the dipole is insulated (Fig. 9-2). 

mce the upward sloping part of the frequency response curve occurs when 
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a is constant we conclude that an HFW radar should operate m a frequency 
band where a is constant The lower limit of this band can be determined from 
Fig 9 4 It should be noted that a radar can be operated through the transition 
region providing the antennas are not insulated Operation at higher frequencies 
with insulated antennas seems more desirable however, and consequently the 
transition region will not be further considered here 
For observation of tunnels the desired frequency band ranges from 20 to 60 
MHz depending on tunnel parameters Figure 9 4 shows that the systems are 
operating m this frequency band except for the highest conductivities 

Design Curves for HFW Radars 11 

When a is constant over the frequency band of operation of the radar the 
attenuation factor A (which relates peak amplitudes of signals) can be wntten 
as 


A 



(9 1) 



Fig 9 4 Attenuation constant a plotted as a function of frequency for lossy media 
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A 0 is a constant that is determined by numerical experiment for a particular 
antenna geometry, medium, generator impedance, and input signal. The factor, 
e~ 2ad , accounts for the medium attenuation over the distance 2d, and the 2d in 
the denominator accounts for the signal loss caused by the spatial attenuation 
(or the spherical expansion) of the fields of the dipole. The only effect of a is 
to introduce signal attenuation. 

Figure 9-5 shows the system responses for two 1-m long dipoles separated by 
60 m in a homogeneous medium where cr = 0.001 mhos/m and e r = 9. The 
dipole radii are 0.001 m, and each is coated with a 0.0015-m radius layer of 
polyethylene (s r = 2.3). The upper plots show the input reflection coefficient 


a = 0.0001 mh °7in, e, = 9 

Reflection Coefficient p(f) Transmission Coefficient H(f) 



m In1 h SyS,em res P° nses for two l-m-long, 0,001 -m-radius dipoles separated by 2d = 60 
a 0 onis rr, ° 9 t i n80US medium of a = ' 001 mhos/m and Er = 9 - The dipoles are coated with 
frequency 1 ? ' US iayer ° f P°'y thene insulation (e r = 2.3). The upper plots are the system 

areweiahtl!| S h 0 ?! eS: th ® ' 0Wer pl0tS ' the signals obtained when the frequency responses 
input siLi I, V ,ha: spectrum of the input signal and transformed into the time domain. The 
gnai was a 5-ns Gaussian pulse. 
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p(/) and dipole to dipole transmission coefficient H(/), and the lower plots 
show the time domain signal reflected from the terminals of the transmitting 
antenna and the signal observed on the receiving antenna when a 5 ns gaussian 
pulse is transmitted The source and load impedances were set at 200 ohms 
Note that the transmission coefficient plot H(f) shows that significant energy is 
transmitted when the antenna is about a half wavelength long in the medium (*« 
100 MHz) Significant energy is also transmitted when the antenna is about 1 5 
wavelength long (300 MHz), but the transmission efficiency is less than that for 
the first resonance because the effective length of the receiving antenna when it 
is 1 5 wavelengths long is about a third the effective length when it is 0 5 
wavelength long Little energy is transmitted when the antenna is 1 wavelength 
long because of symmetry 

The peak received signal is 92 5 dB below the transmitted signal, l e , A is 
equal to 92 5 dB Observe also that the scale is shifted for the received voltage 
waveform and delayed by a time corresponding to approximately 100 transmitted 
pulse widths so that there is a very clear range window It should be practical 



Fig 9 6 Attenuation 'actors for 1 m long O 001 m radius insulated dipoles computed for 
two different media with best fit curves 
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to observe the reflected signal on the transmit antenna if there are no reflections 
from parallel layers present. 

Figure 9-6 shows the same antenna system but where 2d = 50 m. Note that 
the shape of the received signal is identical to that shown in Fig. 9-5, but the 
amplitude has changed by 22.1 dB. Figure 9-7 shows computed values for A 
for this medium and also for a medium where a = 0.005 mhos/m and e r = 16. 
The excellent agreement wih the best fit curves of the shape, exp( — 2ac/)/2d, 
confirms Eq. 9-1). 

Equation 9-1 can be expressed in decibels as follows: 

A - A, + Af (9-2) 



values of ™ ^ medlum - attenu at'on functions for selected high-frequency asymptotic 
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where A F is given, in dB, by 


- 1) 

Af = 20 logjo 


(9-3) 


and the constant A, is given, in dB, by 


A, = 20 iogio(Ao) (9-4) 

where A 0 is the value taken when d = 1 meter A F , the medium attenuation 
function, is normalized to have unit value when d ~ 1 meter Figure 9-8 is a 
plot of A f for media having different values of a Table 9-1 shows the high 
frequency forms for a for a wide range of media constitutive parameters Figure 
9-4 is useful as a gauge of the frequency at which a reaches its high-frequency 
asymptotic form. 



Fig 9-8 Illustrating the variation of attenuation factor with antenna length for HFW radars 
The input signal duration is seated together with the antenna length and radius 
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TABLE 9-1. HIGH-FREQUENCY ASYMPTOTES FOR « (NEPERS/M). 


Er 

0.0001 

0.0002 

1 

0.0005 

cr mhos/m 

0.001 0.002 

0.005 

0.01 

0.02 

2 

1.333x10“- 

2.666 XlO” 2 

0.067 

0.133 

0.267 

0.0666 

1.33 

2.67 

4 

9.42 x 10“-’ 

1.88 x 10“ 2 

0.047 

0.094 

0.188 

0.471 

0.942 

1.88 

9 

6.28 x 10' 3 

1.26 x 10“- 

0.031 

0.063 

0.126 

0.314 

0.628 

1.26 

16 

4.71 xlO' 3 

9.42 x 10“ 3 

0.023 

0.047 

0.094 

0.236 

0.471 

0.942 

25 

3.77 x 10“ 3 

7.54 xlO- 3 

0.018 

0.038 

0.075 

0.188 

0.377 

0.754 

The constant A, is 

a function of antenna length, antenna type, 

medium con 


stitutive parameters, generator source impedance (and receiver load impedance), 
and input signal. In this analysis, we have restricted ourselves to the simple 
dipole, and we have further reduced the amount of data required by choosing 
an antenna 1 meter long (it will be shown later that antenna length can be simply 
accounted for). This data is given in Table 9-2. 

The choice of a generator source impedance and an input signal required 
considerable deliberation. The input impedance of the straight, insulated dipole 
is not constant over a wide frequency range. One essential choice of generator 
source impedance is a constant resistance, because this best simulates the trans¬ 
mission lines that will inevitably be used to feed HFW radar antennas. The value 
selected, 200 ohms, satisfies two criteria. The first is that this value can be 
physically realized as a balanced transmission line by connecting two pieces of 
100-ohm coaxial cable in series. The second criterion is that 200 ohms approx¬ 
imately match the surge impedance of a dipole antenna so that the reflection of 
the input pulse from the terminal region of the dipole is relatively small (observe 


Table 9-2. Values for Constant A 1 for 1-m Long, Insulated Dipoles 
_ in Lossy Media. 


2 

4 

9 

16 

25 


<t (mhos/m) 


INPUT SIGNAL 

.0002 

.00054 

.001 

.002 

5 - ns pulse 

34.3 dB 

34.7 dB 

37.8 dB 


5-ns pulse 

30.6 dB 

31.1 dB 

32.9 dB 

34.5 dB 

5-ns pulse 

29.6 dB 

30.3 dB 

31.2 dB 

32.8 dB 

5-ns pulse 

37.7 dB 

29.6 dB 

31.2 dB 

31.5 dB 

5-ns pulse 

30.5 dB 

30.9 dB 

30.7 dB 

31.8 dB 


.005 


37.0 dB 
33.5 dB 
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that m Frgs 9-5 and 9 6 the first peak m the reflected signal, which is the pulse 
reflected from the terminals, is about - 18 dB of the input signal amplitude) It 
has been observed that the level of the received signal is not significantly affected 
by relatively large changes in the source resistance (little change was observed 
as Z, varied from 50 ohms to 200 ohms) 

The choice of a constant resistance for the generator source impedance does 
not give a reflection free match nor maximum power transfer Because we are 
constructing our signals from data tabulated at many frequencies, we can choose 
different matching impedances at different frequencies These could correspond 
to some physically realizable network, or they could just as easily represent a 
nonphysical network If a reflection free match, Z s = Z A , is modeled, a network 
can be constructed that will have a frequency response similar to that of the 
dipole There are advantages to achieving such a reflection free match in terms 
of reducing the multiple reflections that would cause ringing into the range 
window of the radar In practice, however, such a match over a broad frequency 
band can be achieved only by matching out reflections at the point at which they 
occur In the studies on antenna structures, 1213 this has been the approach 
attempted 

There have been several attempts at pulse shaping and optimization procedures 
to enhance the received signal An initial approach was modifying the Gaussian 
pulse to that of a Gaussian doublet n This choice was made since this type of 
signal has no dc component As can be seen in the transmission coefficients, 
//(/), of Figs 9-5 and 9-6, the received signal for HFW radars contains no low- 
frequency components Thus, the doublet is apparently better tailored to the 
system Since it introduced only a 4-dB transmission gain, however, it was 
decided that such a small gain was not justified in view of the more complex 
source that would be needed Ignoring such complications as physical realiza¬ 
bility, complex waveform shape, etc , and optimizing all possible parameters, 
the received signal peak of Fig 9-5 could be increased by an order of magnitude 
(23 dB), but the required pulse shape could not possibly be achieved in practice 
Mare recently, the K-pulse concept, which essentially controls the pulse shape 
so that ringing is eliminated, has been developed 14 The aim of this concept is 
to reduce clutter other than increase the signal level The ultimate goal, of course, 
is to increase the signal to clutter level 

Target recognition is an important feature of underground radar Information 
on target resonances is required for recognition schemes based on complex 
resonances 15-19 The underground radar designer knows the type and approximate 
dimensions of the target, although its precise electrical composition may be 
considerably uncertain Consequently, the resonant frequency of a target can be 
predicted with reasonable accuracy, and the frequency band of operation of the 
radar selected accordingly The latter determines the length of the dipoles 

Figure 9 8 shows how the attenuation factor depends upon the dipole length, 



applications of subsurface transient radar 309 


providing two examples with different ground parameters. In the calculations 
used to prepare Fig. 9-8, the frequency range of the data, the pulse dura ion, 
and the antenna radius were scaled in proportion to the antenna length. For 
example, for the 4-m long antenna, data was collected to 125 MHz, and a 20- 
ns Gaussian input pulse was used. In each case, a 200-ohm resistive match was 
chosen to correspond with the surge impedance of the antenna, which is fre¬ 
quency-independent . 


9.2 COMPONENTS OF A TRANSIENT UNDERGROUND RADAR 
SYSTEM 

This section will discuss the components of a typical system (shown in Fig. 9- 
1 in more detail) and relate component design and performance parameters to 
system application goals. 


Impulse Generator 

The impulse generator puts out a train of periodic video pulses of assumed 
Gaussian shape with a voltage amplitude, a pulse duration between points 
3 dB down from a peak voltage, T d \ and a repetition rate, F rcp . All of these 
parameters assume that the output port is terminated in a matched load, R e . 

Since a variety of commercial impulse generators fitting the above description 
is available, there is some choice of parameter values to best fit the underground 
sensing application. Note that this class does not necessarily include all pulse 
generators that allow the independent control of pulse width as well as amplitude 
and repetition rate. For purposes of maximum resolution and broad frequency 
spectral coverage, it will be assumed that all sources, including the adjustable 
pulse width type, are set to approximate a true periodic impulse output waveform 
as closely as possible. A survey of such instruments has been presented and also 
summarized elsewhere in this book (see Chaps. 2 and 4). 

The choice of pulse duration, T d , depends primarily on the depth and position 
resolution desired (or permitted by soil propagation at the system-design sensing 
depth). For a soil medium having a characteristic relative dielectric constant of 
E r , the maximum resolution, D res , is given as 

= T d c/V^ r (9_5) 

where T d is in seconds and c is the speed of light in meters per second For a 
typical example of sensing buried utilities with a desired resolution of 10 cm in 

m „ S ec if d“sL° f " 5 ' “ be ““ ,ha ‘ 3 P °' Se dl " a,i0n ° f app™i>»»tely I 

The above resolution degrades with increasing depth in lossy, dispersive soil. 
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In such cases, a short pulse duration may still be used so that shallow clutter 
echoes will have minimum duration and may be removed from the echo time 
history by time gating, even though the resolution is limited for the deeper 
targets 

The pulse repetition rate is governed by the maximum expected target depth 
as well as by system factors such as processing speed, efficiency, and return 
processing approach The time delay for the return from a target at maximum 
unahased depth, D mM , is 


7*, = 2 *D mu VT r /c (9-6) 

If a repetition rate higher than l/T^i is used, it is possible for the return from a 
target at to be aliased and appear to be at a shallower (maybe zero) depth 
For a system to sense to a depth up to 4 ms in soil having e r values as high as 
25, the maximum repetition rate would be approximately 10 MHz Since tube 
type pulsers usually cannot obtain such higher repetition rates, this frequency 
will have to be reduced if higher pulse voltage is desired On the other hand, 
sampled returns from several successive pulses might be averaged together by 
the receiving processor if a low-voltage, solid-state pulser is used at this high 
repetition rate, thus giving greater effective system sensitivity with some sacrifice 
m system processing speed 

The pulse-amplitude choice depends on desired system sensitivity, soil prop¬ 
agation parameters, target echo strength, and the performance parameters of the 
other system components It will be examined at greater length along with the 
overall system transfer function 

All of the preceding discussion has assumed that an approximate impulse is 
the signal for use in underground radar probing It would be possible to use step 
generators or ramp generators as periodic transient sources having a different 
distribution of spectral energy, but no example of this having been tried yet is 
known Recent research has identified a special transient waveform called the 
‘kill pulse” 14 , this may be well suited for use in underground sensing with a 
known antenna performance and expected target signature spectrum 

Antennas 

The antennas of an underground radar system are normally designed to operate 
above, but in close proximity to, the ground surface so that they can be con¬ 
veniently moved about to probe the region directly beneath their physical ap¬ 
erture The advantage of dose proximity to the ground is that with a properly 
designed antenna, the energy can be more efficiently coupled to the below¬ 
ground region The disadvantage is that the ground surface is rough and soil 
parameters vary widely subject to geography and weather, so that an optimum 
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antenna design is not possible. For the initial discussion, the general case of 
separate transmit and receive antennas will be assumed. 

As for the transmit antenna, its task is to transfer as much of the impulse 
generator signal toward the underground target region with as little distortion as 
possible, with as little reflection of energy back to the generator as possible, and 
with as little illumination as possible of regions that do not contain the target 
(such as in the air above the antenna). These goals are to be met for a range of 
soil and surface roughness parameter values, and with a structure of reasonable 
size, weight, and complexity. 

The receive antenna tasks are similar. The echo signal from the target is to 
be received with as much sensitivity and as little distortion as possible, whereas 
received energy from other sources is to be minimized and the transfer of energy 
from the antenna to the receiver maximized. Again, antenna size, weight, com¬ 
plexity, and adaptability to varying environments are secondary but significant 
factors. 

An additional set of goals for the antenna pair includes the minimization of 
energy directly coupled from the transmit to the receive antenna, and an ar¬ 
rangement of the antennas physically in such a way that they have a common 
target-sensing region and the polarization of the transmitted field to the target 
couples strongly to the target while the resulting echo field polarization couples 
strongly to the receiving antenna. 

There is no recognized set of rigorous and succinct performance parameters 
that characterizes antenna performance under these constraints and in these con¬ 
ditions. The analysis and design problems are still the subject of research effort. 
Traditional frequency-domain parameters may be applied if a careful accounting 
of the soil interface is made; 20 these are cumbersome, however, if a transient 
radar system is involved. Time-domain parameters that would be more appro¬ 
priate will be mentioned wherever they pertain. 

Using the concept of reciprocity, it can be shown that the receiving antenna 
parameters and design goals are the same as for the transmitting antenna. One 
important factor, however, is not normally encountered in narrow-band antenna 
designs. It has been shown that the receiving-antenna transfer function for a 
given configuration is the integral of the transmitting transfer function, 21 or 


f’raxi t) f F lax (f) 


(9-7) 


(see also Chapter 5). 

• N ° OI f imized antennas for transient underground radars have yet been de 
signed, but there are two configurations that are commonly used A sin He 

B^tat^and 016 “ aPP ' ied ' h ' Pr ° M ' m ° rg ‘ neral sensing, 

transmitter and receiver are connected to the same antenna feed port, with 
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ion to a. 



Fig 9 9 Antennas for subsurface sensing transient radar 
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a fast-response limiter protecting the receiver from the transmitted impulse signal. 
The loading minimizes ringdown, so that echos from buried targets can be 
detected. Sometimes an additional compensating circuit is added between the 
generator and receiver to cancel out the unvarying portions of the antenna ring- 
down signal. Two single-antenna configurations described in one of the most 
important patents on subsurface radar 22 are shown in Fig. 9-9. 

In some subsurface sensing applications, horizontal layers are not to be de¬ 
tected; in this situation, an orthogonal loaded dipole pair has been successfully 
applied. 23 - 24 The performance of such antennas has been analyzed 25 and tech¬ 
niques for objective time- domain measurements of target-detection performance 
devised. 26 A typical loaded orthogonal-dipole-pair antenna used in a pipe-location 
system is shown in Fig. 9-10. 

An experiment for evaluating the sensing performance of radar antennas in a 
pipe-locating application is shown in Fig. 9-11. A plastic pipe has been inserted 
into a bored hole beneath a grass lawn at a very shallow angle with respect to 
the horizontal and its path very carefully surveyed. The test antenna is located 
on the ground surface, and the source antenna is inserted inside the slant pipe. 
The source antenna is fed through a coaxial cable from the pulse generator. The 
pulse signal for these tests was a pulse of 0.15-nsec width and 1000-V peak 
voltage, with a repetition rate of about 600 Hz. 
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PULSE 



SLANT HOLE 

Rg 9 11 Exper merit for evaluating subsurface sensing radar antennas 

One antenna tested using this apparatus was a prototype for the Terrascan* a 
buried utility locator system The design of the antenna was similar to the one 
shown in Fig 9 10 Figure 9 12 shows the response of this antenna with the 
source antenna positioned at increasing depths The actual wave shapes are 
obtained by multiplying the plotted amplitude curves by the amplitude factors 
shown for each waveform This senes of plots demonstrates the change in signal 
shape as a function of the propagation path length expenenced in the lossy soil 
of this location Figure 9 13 shows a set of waveforms recorded with the source 
antenna at a depth of 64 cm and the sensing antenna location offset from directly 
above the source in a direction perpendicular to the pipe Note again that both 
signal amplitude and shape are changing Thus, a simple amplitude pattern is 
not sufficient to characterize the performance of this antenna 

Receiver 

The receiver used for all transient subsurface probing systems is the sampling 
oscilloscope which is synchronized to the transmitting impulse generator and 
connected to receive the echoes from the receive antenna port The display 
waveform is usually recorded on tape or digitized for further processing 
Sampling oscilloscope operation is described elsewhere tn this text (see Chaps 
2 and 6) The important parameters to consider for subsurface sensing arc its 


*Tcrrascan is a registered trademark of M/A COM Inc 
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Fig. 9-12. Terrascan antenna response to buried transmitted impulse signal vs depth. 
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FACTOR 

Fig 9 13 Tertascan antenna signal vs position offset with respect to a 64 cm deep pipe 

frequency response (which must span the spectrum of the transmitted and received 
signals) and its tangential sensitivity (which must be as sensitive as possible) 

Processing 

The received signal ensemble as seen by the receiver as the subsurface probing 
radar is moved over the ground surface will contain several identifiable undesired 
components that are usually stronger than thermal noise First in the time se¬ 
quence is the antenna transmit-recei ve coupling, or nngdown feature This serves 
to establish a tune-reference point for return depth determination, but, m general. 
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its amplitude is stronger than target returns and its form changes because of 
surface roughness. If further delayed in time, returns from surface irregularities 
and other surface features such as pavement cracks to the side of the antenna 
will appear. Also, soil nonhomogeneities that are random with respect to position 
and depth will cause undesired “clutter” echoes. 

The target returns that are submerged in the clutter are notable mainly for 
their spatial behavior. Layers will give an echo at a consistent, possibly slowly 
varying, depth. Utility lines are recognized as their straight-line paths become 
evident. Also, targets in general have an impulse signature, one that has been 
shown to be unique and can be used for target discrimination provided the 
bandwidth of the transient sensing signal is sufficient. 19 

The factors mentioned here are justification for further processing of the sub¬ 
surface radar returns. Virtually all modern underground radar systems do pro¬ 
cessing using either analog circuitry, which is faster but less versatile and less 
powerful, or digital processors, which range from a few integrated circuit mod¬ 
ules to vast array processors. The processing discussed here will be divided into 
the categories already discussed: (1) clutter removal, and (2) target discrimi¬ 
nation. 


Clutter Removal. For this discussion, “clutter” is defined as all undesired 
transient return echo features that are not a thermal noise process. Of course, 
those returns labelled as “clutter” will depend on system configuration and the 
purpose of the system. Processing to remove these returns makes it easier to 
locate and discriminate among targets. 


Time Gating. Several undesired returns occur in a time interval before or 
after the expected target returns. An adjustable time gate that effectively turns 
off the sensing during these intervals is used to eliminate such returns. A typical 
application is to “gate out” the antenna coupling return. 


Ensemble Averaging. This technique is used to discriminate against those 
returns that are random with respect to position. 


Signal Subtraction. If an undesired echo feature appears consistently, it can 
be stored in a buffer memory and subtracted from succeeding return echoes 
This technique might be used to eliminate the shallow sidewalk return when a 

example 0 “ d ° Wn a S ‘ dewalk t0 Iocate utilit y crossings, for 


Target Discrimination. This category includes all processing on a single 

—: r ,ed ‘" se,s in ,he s 
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Fast-Fourier Transform. Utilizing the Fast-Founer Transform (FIT) to ob¬ 
tain the complex frequency spectrum of the time-gated echo signals is a common 
processing step For targets with a strong resonance, this feature may be easily 
discriminated by observing the frequency spectrum of their return 

Filtering. The first application is made m conjunction with the preceding FFT 
for discrimination of targets with a strong response m a narrow frequency region 
Another application takes advantage of the known frequency propagation char¬ 
acteristics of the soil and is thus a combined target-discrimination and clutter- 
removal process It is known that most soils attenuate the high frequencies of 
the impulse spectrum more rapidly than the low frequencies Thus, filtering high- 
frequency returns out of the total echo return for the late-time intervals removes 
far more surface clutter than buned-target return energy This is a common step 
when soil parameters are known 

Difference-Equation Processing. For buried targets having a known en¬ 
semble of characteristic resonances, a Comngton difference equation process 
has been developed to provide discrimination that is independent of target ori¬ 
entation This has been shown to be effective for identifying shallow, nonmetalhc 
targets of specific shapes 16 The processing steps involved are demonstrated and 
further discussed m those portions of this chapter where specific systems are 
treated 

9.3 FEATURES OF AN UNDERGROUND UTiUTY SENSING 
TRANSIENT RADAR SYSTEM 

A transient radar system has been developed for use like a metal detector to 
locate nonmetalhc as well as metallic utilities to depths up to ten feet (depending 
on so'll properties) This system :s one of the simplest and most haste of transient 
radar sensing systems 

A prototype of the system, which as been given the name “Terrascan,'' is 
shown in Fig 9-14 The impulse generator is housed along with the battery m 
the lower module on the golf cart The transmit-receive antenna pair are or¬ 
thogonal, resistively loaded dipoles The receiver utilizes sampling circuitry 
along with rudimentary digital processing and display (in real time) of the echoes 
The control panel of the instrument is shown in Fig 9-15 and a set of typical 
displays in Fig 9-16 

Using the Terrascan 

The operation of this plastic-pipe locator is quite simple, but some operator 
training is required This training involves learning how to recognize typical 
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Fig. 9-14. Terrascan system. 


pipe echoes and the procedure for determining pipe type and direction. The 
operator first places the antenna on the ground at a place where there are no 
buried pipelines in order to establish a background or clutter level. The clutter 
level is less than the return echo from a pipe but varies with soil type, amount 
of buried rock, and ground cover. When the antenna is not above a pipe, the 
operator sees a single row of lights across the display, as shown in Fig. 9-16(a). 
If the clutter is high, the row may have a slight ripple. The top partial row of 
lights indicates the cursor. 
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Fig g 15 Control panel of the Terrascart 


To find a pipe, the antenna is placed on the ground and the display read The 
locator is then moved in 0 3- or 0 6 m (1- or 2 ft) steps until the pipe is found 
As the pipe is approached, the hue of hgh\ becomes a sinusoidal curve, whose 
maximum amplitude occurs when the antenna is directly above the pipeline, as 
shown in Fig 9-16(b) To find the direction of the pipe, the antenna is rotated 
again to find the point of maximum amplitude This establishes the pipe as being 
in one of two orthogonal directions, and moving the antenna in either direction 
establishes the actual direction Once the pipe is located, it may be followed If 
the pipeline has a tee, a null (straight line) is seen over the tee location If the 
tine changes from plastic to metal or vice versa, the phase of the waveform on 
the display reverses This can be seen by comparing Figs 9-16(b) and 9-36(c) 
The plastic pipe locator has several display modes The average mode is 
provided for use where clutter is high Averaging greatly reduces the effect of 
clutter while retaining location accuracy but slightly reduces locating speed The 
compare mode is provided to make it possible to store an echo waveform, move 
the antenna, and then display the stored and the new waveforms alternately A 
characteristic of pipe echoes is that their phase reverses if the antenna is rotated 
through 90 degrees This feature is useful in distinguishing between clutter and 
pipe echoes because clutter does not reverse phase 
Another useful feature of the production pipe locator is a cursor that is con¬ 
trolled from the operator’s pane! As the control is turned, the eleventh row of 









Fig. 9-16. Typical Terrascan displays: (a) no target—a centered straight line; (b) a metal-pipe return; (c) a plastic-pipe return—upper cursor line 
moved to center Df echo; and (d) depth read-out corresponding to cursor line position. 
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the display lights up in one column increments When the end of the lighted 
row matches the center of the echo and a button is pushed, the display will 
digitally show pipe depth, as shown in Fig 9- 16(d) 

Terrascan Echo Results. 

Some typical echo time domain response waveforms for the Terrascan system 
are shown in Figs 9-17 through 9-21 Figure 9 17 shows a time-domain echo 
waveform with several important features circled The first feature, which is 
always seen, is a portion of the transmitted pulse energy and is used to locate 
the time reference (zero depth point) The next feature is a random variation 
that is due to the ground Toughness The final featwe, after a time delay that is 
proportional to the pipe depth, is the pipe echo 

Figure 9 18 shows the effect of moving the locator from a spot directly above 
the pipe. Fig 9-19, of rotating the locator when it is directly above the pipe 
(In both figures, the circled portion of the waveform contains the pipe echo ) 
With this antenna and data processing technology, the tttne-domam echo wave¬ 
form provides information on the presence of buried pipe, its location, its depth, 
and its direction 

To an experienced observer, the shape and polarity of the echo provide in 
formation about the identity of the target as well The waveforms in Fig 9 20 
show that the echoes of metal and plastic pipes have approximately the same 



Fig 9 17 Typical plastic pipe echo 
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Fig. 9-18. Change in echo as antenna is moved away from target. 
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Fig- 9-19. Change in echo as antenna is rotated over target. 
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Fig S 20 Comparison of plastic and metal-pipe echoes 

shapes but opposite polarities Figure 9-21 shows the echo of a horizontal 0 3- 
m square (1-ft) copper plate buried 0 1 m (4 in ) below the earth surface The 
double-bump feature that characterizes this kind of target is circled The sepa¬ 
ration of the two peaks is proportional to the size of the plate The additional 
bumps in the echo clearly distinguish it from that of a buried pipe 
The Terrascan system has been tested over a wide variety of sites located 
throughout the United States and England It has been demonstrated that an 
experienced operator can locate utility lines to depths of 2 meters in “normal” 
soil Perhaps just as important, it has been discovered that the parameters of the 
soil vary widely, sometimes changing drastically in a distance of only one city 
block Relative dielectric-constant values from 3 to 30 have been observed, and 
propagation loss has varied from less than 3 dB/ft to more than 20 dB/ft Thus, 
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all near-surface-radar sensing systems, including the Terrascan, must be able to 
adapt to wide variations of propagation conditions. 

Figure 9-22 shows a plot of relative echo strength for plastic and metal pipes 
of 3-in. diameter, buried to a depth of 1 meter in soil of various conductivity 
and dielectric-constant values. It is seen that the signal strength can vary more 
than 70 dB, depending on soil propagation parameters. 
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9,4 SUBSURFACE RADAR APPLICATIONS 

The preceding section of this chapter has focused attention on the operation of 
the Terrascan system The remaining sections will discuss the use of it and 
similar systems for the detection of subterranean targets There are two major 
questions involved m the use of video pulse radar systems First, is the received 
signal sufficiently strong to be detected, and, second, once detected, can the 
target be identified from the data available 9 

The first is primarily an electromagnetics problem and involves antennas, 
interface phenomena, propagation, and scattering Obviously, the means for 
tackling such a problem would fill a book Thus, we will discuss results that 
have already been achieved and only casually describe the technology used to 
obtain those results 

The second, that of target identification, lies more in the realm of data pro¬ 
cessing and, the techniques used involve a variety of concepts The identification 
of utility lines was outlined earlier, it consists simply of observing the polarization 
characteristics of the target, 1 e , one transmits one linear polarization and ob¬ 
serves the measured scattered signal on the cross polarized receiving antenna 
This signal is maximum when both of the crossed antenna pair are at a 45 deg 
angle with respect to the utility line (provided, of course, that its diameter vs not 
too large in terms of the smallest wavelength being observed) Also, one can 
“track" the utility line if it follows a straight line, which readily classes it as this 
type of target This also makes the concept of grey-level mapping a very attractive 
one It has been achieved using a Terrascan type of radar system and follows 
procedures similar to those used in geophysical exploration using acoustic sys¬ 
tems 

The identification of the other classes of targets is somewhat more difficult 
It is fortunate that the video pulse radar system produces a signal at the receiver 
that is much richer tn information content than conventionally pulsed radar This 
results from the extreme bandwidth available to the receiver that makes it practical 
to consider time domain processing schemes For example, a difference-equation 
predictor scheme proposed for the identification of aerospace targets 30 has ac¬ 
tually been used for the identification of land-mine targets The difference- 
equation approach has also been very useful in the case of the detection of 
tunnels, for the purpose of enhancing the signal to clutter level One might also 
observe that the Tomographic techniques proposed by Lytle 2 represent another 
mapping concept for tunnel detection, and the Southwest Research Institute 27 
has earned this one step further by applying it to the video pulse concept by 
observing the earliest time of arrival of the signal transmitted between a pair of 
boreholes When the propagation time is reduced by an air path, then a tunnel 
or at least a void has been located 

Finally, it is to be observed that this difference equation approach makes it 
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practical to process the broad-band, video-pulse radar data received from a 
dispersive antenna system to obtain the same result achieved by a nondispersive 

antenna. 27 . . 

The remaining sections of this chapter will focus attention on experimental 
results (with the exception of the deep probing). There is, however, a substantial 
body of theoretical work, and the reader is referred to these references for further 
study. 25 - 28 - 30 


9.5 TUNNEL DETECTION 

The detection of tunnels and voids in the earth is important from a military as 
well as a civilian viewpoint. The use of tunnels in Korea and Vietnam has been 
highly publicized. The hazards created by abandoned mining complexes is, 
perhaps, not so well known. Horror stories are numerous however, in regions 
where tunneling systems in the form of abandoned mines exist. These authors 
have been involved in several such situations in the vicinity of Youngstown, 
Ohio where the Video Pulse radar system was used to explore a school playground 
under which such tunnels were known to exist. 31 Subsequent excavations sub¬ 
stantiated the measured results. 

Tunnel detection using such radars requires operation in the high frequency 
window (HFW). The reason that practical tunnels are detectable only in the HFW 
is that their cross-sectional area becomes quite small in terms of \ within the 
LFW and the scattered field from them is consequently very small. Not only are 
tunnels resonant, but the antenna used in the HFW video pulse radar system has 
a resonant behavior as well. This represents a major problem in that the antenna 
“rings” in such a way that the oscillations exist in the range window occupied 
by the target. 


9.6 COMBINATION OF MAPPING AND SIGNATURE PROCESSING 

If a (set of) natural resonance(s) can be attributed to a desired target, then it 
would appear desirable to focus attention on it (or them). For example, antenna 
resonances contribute no information concerning the identity of a target. Fur¬ 
thermore, the residue associated with a resonance may be relatively large so that 
identification algorithms are relatively insensitive to changes in the natural res¬ 
onances of the target. Recent studies have led to techniques for removing or 
filtering these unwanted resonances from the data using a difference-equation 
approach. - For cases where desired target echoes are submerged in clutter 
the combination of filtering with mapping produces quite improved results 
A geometry considered for this investigation was a tunnel in the Rockv Moun¬ 
tains near Gold Hill, Colorado, at a site known as the Hazel A. Mine 33 - 34 A 



328 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


modified version of the Terrascan system was used to obtain a sequence of 
waveforms for positions 20 feet above a known tunnel site The radar system 
was moved along a line transverse to the axis of the tunnel, a position represented 
by the horizontal scale on the maps to follow, the vertical scale will be the arrival 
time of the signal corresponding to depth in-ground The surface over which the 
radar was operating was rough, and strong clutter signals existed in the time 
range where the tunnel response would be expected A grey level map was 
created by digitizing the signal magnitude and then assigning darker characters 
to the stronger signals No clear evidence of the tunnel could be seen in this 
map A most dramatic improvement resulted however, when natural resonances 
not associated with the tunnel were removed from the raw waveform via a 
difference-equation approach described m a paper by Volakis and Peters 13 The 
result is shown in Fig 9 23 Clearly the tunnel is properly located One observes 
a “premonition” of it m the map of Fig 9-23, which was created by data 
processing, but the onset of the signal reflection from the tunnel can be clearly 
observed in processed waveforms as discussed by Volakis 35 In these, the tunnel 
has not only been clearly detected, but identified as an object with a particular 
natural resonance This process, m addition to being useful m preparing improved 
maps, also clearly indicates the time at which the reflected signal first appears, 
thus fixing the distance to the nearest part of the tunnel with reasonable accuracy 
The removal of the antenna resonance is reasonably straightforward The 
equations needed to remove a single pole from the waveform will now be given 
If the original waveform is designated as /?(/) The waveform after pole removal 
is given by 

RAO * RiO ~ 2Re(Z A )R{t ~ NT B ) + \\Z A \\ 2 R{t - 2NT B ) (9-8) 


where 


Z A ~ the pole to be removed in the Z-domain 

T B = waveform sampling interval (of sampling oscilloscope) 

NT B — interval between samples used m the extraction process 

Thus, the new signal Rj{t) (filtered waveform) is constructed from samples of 
the original waveform spaced at time intervals of T In general, 2 M + 1 such 
points are required when M pole pairs (resonances) 42 are concurrently removed 
It is apparent that the process can be applied only when T ? 2MT (assuming 
that the waveform starts at / = 0) This limitation introduces errors in the initial 
portion of Rf{t) This signal section can be recovered by other processes 
It has been proved for a single case, 35 where the scattered signal consists of 
two resonances—one corresponding to the antenna and the other to the target— 
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that the following distortions are introduced to the remaining signal when the 
antenna pole pair is removed There is, first, a phase shift, 

A = - u, t NT o (9-9) 

whose amplitude is approximately multiplied by the factor 

«r + ,rr- ~ U A /r> 

Aj ~ Asm --- NTsin --- NT (9 10) 

2 * 


where 

w T = the imaginary part of the target pole pair in the S domain 
<o A = the imaginary part of the removed antenna pole pair 

Furthermore, the condition. 


e «T r e”* 7 =* I (9 11) 

where cy and a A are the real parts of the corresponding S domain poles, should 
be imposed 

One may now “clean up'’ the early part of the waveform on the premise that 
only the desired resonance remains in the corrected waveform We do so by 
marching backward through the waveform starting at a point where the corrected 
waveform is untainted The process is given by 

M Rj{t - 2NT b ) = 2 RelZ T ]R f (t - NT B ) - R,{t) (9-12) 

where Rj(t - 2NT n ) is the final waveform 
Figure 9-24 is a hypothetical example consisting of two damped sinusoids as 
defined by 


Rf{t) = A^e a i'cos\t + A 2 e <TV cos 2 t (9-13) 

where represents the values of the residues Equation 9 13 represents the 
original waveform of Fig 9-24 The filtered waveform is obtained when the S, 
poles ($, = ( — 6 0 + ]2 15) 10 5 ] have been removed by using Eq 9 8 This 
result is then corrected according to Eqs 9 9 and 9-10 
Figure 9-25 show's the effect of the correction process It is seen that the 
corrected waveform is m precise agreement with A 2 e~ a z'cos( 0 2 t Thus, if this 
were the signal scattered by the target, the desired signal would have been 
recovered Obviously, there is no need for further processing Measured data, 
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Fig. 9-24. Example of amplitude and phase effects caused by pole-extraction process. 


however, will never appear in the nice form given by Eq. 9-13 or Fig. 9-24. 
Clutter, other poles, possible signal clipping, etc., will usually be present. 

Consider now the example of the raw video pulse-radar waveform shown in 
Fig. 9-26, which was obtained from the tunnel at Gold Hill with the system gain 
set so that the echo tunnel could be observed. Under these circumstances, the 
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peaks in the early part of the waveform were clipped.* A high frequency jitter 
appeared in the latter portion of the waveform, moreover, as a result of faulty 
triggering. The waveform with the antenna pole extracted is identified as the 
filtered waveform in Fig. 9-27. The reconstructed waveform (see Eq. 9-12) is 
compared with the filtered waveform. The point. To, where these two waveforms 
separate represents the initial point of the signal reflected by the tunnel. 

A final word here is that the target identification of the landmine type of target 
could have been improved if the antenna resonance had been removed before 
applying the target identification process. 

9.7 MINE DETECTION AND IDENTIFICATION 

The one area where substantial success has been observed has been in the 
identification of buried land mines. For some underground radar applications, 
the targets are not only resonant and can be detected, but can possibly also be 
identified. Since such objects possess unique transient signatures, identification 
based solely on the characteristics of a single return echo may be attempted. 
The target identification techniques have been applied to land-mindlike geo¬ 
metries. 151619 The broad spectrum of the video pulse is necessary to excite 
different transient signatures or resonances. 

The set of targets shown in Fig. 9-28 were buried to a shallow depth in a 
lossy earth (e r — 20; a ~ 0.03 s/m). A series of measurements were made over 
these targets using a radar system with a 500-ps, 1000-V periodic pulser. The 
received time-domain signals are shown in Fig. 9-29. Clearly, the no-target 
response of Fig. 9-29 shows a maximum on the order of 100 mV after the initial 
coupling spike. Thus, it appears that scattered signals are observed at about 80 
dB below the transmitted pulse. Cable losses, etc., would reduce this to about 
70 dB. Measurements in the vicinity of a single target showed much more 
variation in waveform shapes than that seen in Fig. 9-29. These waveforms and 
their received spectrum are dependent on the relative positions of the antenna 
and the target. The natural resonances (poles) of the target are not dependent on 
the excitation, however, except for the magnitude of the excitation. A procedure 
known as “Prony’s method” can be used to calculate such poles from the time- 
domain data. Some typical results are shown in Figs. 9-30 and 9-31. The minelike 
target is a penetrable body, and we observe that the resonances are independent 
of ground conditions (or electrical parameters), whereas the brass cylinder is a 
conducting body, and we observe the resonances to be highly dependent on 
ground conditions. 


system ^ 5 Si " Ce ^ COrreCted by incor P° ratin S a computer-controlled time-dependent gain in the 






Fig 9-28 Physical characteristics of subsurface targets 
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Fig. 9-30. Locations of average extracted resonances of minelike target under different ground 
conditions. 


Even though the waveforms of a given target are quite different as the radar 
position is changed, the poles associated with these waveforms are clustered in 
a manner quite similar to those of Fig. 9-30. 

The generation of these natural resonances from the raw data via the Prony 
procedure is a lengthy process and requires substantial computation time on a 
computer. Once determined, however, these resonances can be used to generate 
a predictor-correlator equation that is extremely rapid even on a microcomputer. 16 
The output of this predictor correlator is shown in Fig. 9-32. Since the abscissa 
is completely under the control of the operator, the mine-like target can easily 
be separated from the other targets if one sets a threshold, p (T) ~ 0.3. This 
scheme has proven to be extremely successful for a large number of measure¬ 
ments. 

To shorten computation time, three other constraints were introduced in the 
target identification algorithms: (1) maximum and minimum peak signal levels, 
(2) total energy content, and (3) limits on the arrival time of the maximum. On 
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Fig 9 31 Average extracted resonances of brass cylinder under different ground conditions 


this basis, we achieved 100 percent identification with a single pulse and a false 
alarm rate on the order of a few percent, using signals that included reflections 
from a number of unknown false targets in a dirt, debris filled road outside our 
laboratory Fifty three waveforms whose level exceeded the minimum value 
were measured over these sites 

9.8 POTENTIAL APPLICATIONS USING THE LOW FREQUENCY 
WINDOW (LFW) 

The systems discussed in the previous sections all make use of the High Fre¬ 
quency Window (HFW) In this section, we will consider the potential of the 
Low Frequency Window (LFW) Note that there are no actual applications of 
video pulse radars in this frequency band at the present time We observe that 
Barringer did make use of low-frequency radars from an air borne platform 36 37 
His antenna system was a trailing wire with a radar operating in the HF band, 
which is not the type of system to be outlined here We believe that the state- 
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of-the-art can be extended beyond the work of Barringer, but doing so would 
require the use of antennas placed on the surface, thereby increasing the depths 
and making it possible to detect smaller targets. 

Detection of Tunnels with Conducting Wires 

The previous discussion involved the detection of tunnels from a change in 
medium electrical parameters, e.g., a void in the medium. The resonance be¬ 
havior of the scattered signal involved only the transverse dimensions of the 
tunnel. If one studies the data given—sensitivity of the ground parameters, etc.— 
one quickly finds that, for reasons such as these, the practical maximum range 
at which a tunnel can be detected is on the order of 100 feet. This assumes a 
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weathered-granite medium and substantial improvement m the state-of-the-art 
of current equipment This relatively small depth of detection may be increased 
by several fortuitious factors The major factor would be attentuation loss in the 
weathered granite Less significant factors would include (I) an unproved an 
tenna with reduced ringing, or, conversely, the development of a K-puIse 1 * 
excitation to eliminate such ringing, (2) increased sensitivity of sampling systems, 
and (3) further development of data processing steps If one requires an order- 
of-magmtude increase in the depth of detection, however, the potential of lon¬ 
gitudinal resonances would have to be examined Furthermore, one would now 
be attempting to detect any conducting wires, rails, etc , that may be located in 
the tunnel The goal of these next few sections is to discuss the detectability of 
conductors of appropriate length in abandoned tunnels Since this enterprise 
involves theory, we will first outline some of the theoretical concepts developed 
at Ohio State University 

Propagation in the LFW 1038 

In contrast to the HFW, there are several distinct phenomena related to propa¬ 
gation in the LFW The first of these, provided the antenna is in electrical contact 
with the media, is that the input impedance is real and independent of frequency 
The second is that the depth of penetration in the ground is restricted to less 
than 3 85 skin depths at f m (see Eq 9-16) Since the medium is dispersionless 
for signals in this band, no pulse distortion appears as a result of propagation 
or because of the antenna transfer function 
Figure 9-33 gives the radiated fields at a depth of 30 m m a homogeneous 
media as a function of frequency for various dipole lengths with a 1-volt exci¬ 
tation :s For frequencies less than f m , the uninsulated dipole radiated field is 
almost frequency independent This results in the dispersionless propagation 
One interesting result is that the insulated dipole produces nearly the same 
radiated field in the HFW region as does the uninsulated dipole 
The results of transmission between two dipoles immersed and in electrical 
contact with a homogeneous conducting media are best summarized in terms of 
Fig 9-34 The geometry from which these results were obtained is shown in 
Fig 9-35 Figure 9-35(a) shows the propagation effects resulting from propa 
gatton over a range 2d to an image dipole Solutions of propagation between 
the dipoles of Fig 9-35 would require including the effects of the interface To 
do so precisely for a volume of data would be extremely expensive 
The primary requirement of an antenna for a subterranean radar is that it 
should transmit the applied pulse efficiently into the ground When the radar is 
designed to operate m the LFW, the frequency band of operation is low enough 
for the input pulse duration to become comparable to the propagation time of 
the pulse to the target and back again With such a system, any multiple reflections 
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Frequency (Hz) 


Fig. 9-33. Magnitude of the electric-field strength 30 meters from 0.001-m-radius, perfectly 
conducting dipoles in a homogeneous medium where e, = 4, a = 0.005 mhos/m. Results 
are presented for dipole lengths of 2 m, 5 m, 10 m, and 20 m. 

or “ringing” of the input signal on the antenna effectively extends the duration 
of the transmitted signal so that the low-level reflected signal wanted is masked. 

Effective coupling of the transmitted energy into the ground is achieved simply 
by laying the antenna on the surface of the ground, as shown by the following 
simple argument. Consider an antenna that is designed to respond to the horizontal 
electric field (e.g., a dipole). The characteristic impedance of the ground at most 
frequencies is much lower than the characteristic impedance of free space, and 
the voltage reflection coefficient of the air-ground interface, p, is approximately 
-1 for a wave normally incident from the air medium. In this case, the electric 
field of the direct and reflected waves interfere destructively. Since the reciprocity 
theorem states that the reaction of an electric element is proportional to the 



340 TIME DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 



Fig 9 34 LFW radar aitemiatron factor curves for 5 m 10 m 20 m and 50 m dipoles The 
data was computed for a 100 ns Gaussian input pulse bandlimited at about 10 kHz The 
LFW breakpoints therefore are lor a frequency of 10 kHz 

electric field at the current element, the voltage generated at the antenna terminals 
is small If the wave incident on the interface comes from below the surface— 
t e , from the lossy or conducting medium—the voltage reflection coefficient, 
p, is approximately + 1, and thus the response of a linear antenna on the surface 
of the conducting interface is approximately 1 + p times that of the same antenna 
immersed in a homogeneous conducting medium (in this case, p is the voltage 
reflection coefficient of the air ground interface for signals amving from within 
the ground) It follows that such antennas lying on the surface of the ground 
respond to signals arriving from within the ground and, by the reciprocity theo 
rcm, transmit most of their energy into the earth (in reality, some energy may 
be supplied to surface waves, which propagate along the earth air interface) 
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Fig. 9-35. Development of a model for analysis of pulse propagation into the earth: (a) 
reflection from a plane interface d meters deep; (b) model of reflection from a perfectly 
reilecting interface; and (c) simplified model of reflection from a perfectly reflecting interface. 


This reaction results in what we call an “interface gain,” which can be up to 
two times, or 6 dB, for each dipole of a transmit-receive pair. 

There is an additional effect that occurs on transmit. It is convenient to feed 
the antennas with a voltage pulse, with the source impedance of the pulse 
generator chosen to give a desirable match to the antenna input. Propagation 
calculations between antennas placed in a homogeneous medium and driven by 
voltage pulses will be presented later. For a given input voltage, the current on 
the transmitting antenna (which determines the fields) is determined by the 
antenna input impedance. When the antenna is placed at the air-ground interface 
and in electrical contact with the ground, the input impedance is approximately 
twice what it would be if the antenna were immersed in the homogeneous medium 
because of the removal of one conducting half space and because the impedance 
of the antenna in the homogeneous medium is much less than its impedance in 
free space. 39 ' 40 The antenna current and the fields are therefore reduced by 6 
dB. The "interface gain’’ of about 6 dB acts to make up this apparent loss, 
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however, and the net effect is that the “interface gam” for a dipole on transmit 
is about 0 dB Therefore, because of the voltage pulse input vve use in our 
propagation calculations, the interface gam is about 0 dB for the transmitting 
dipole and 6 dB for the receiving dipole These effects have been verified on a 
limited scale by numerical results obtained when the interface has been included 
via the Sommerfeld integral 

An important advantage of the effective coupling to the ground when the 
antenna is lying on the surface is that the antenna is insensitive to signal sources 
or reflections from objects above the ground The advantage anses from the fact 
that most noise sources are above the ground 

We will now assume that the transmitting antenna is fed by a pulser whose 
voltage output is a Gaussian pulse, as shown in Fig 9-36 Because the propa 
gallon in the LFW is dispersionless, the received pulse is a replica of the trans 
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Fig 936 (a) Normalized Gaussian pulse (f„ = T sec) and (b) its spectrum normalized to 
7.344T WHz 
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mitted pulse after it has been passed through a low-pass filter with a critical 
frequency given by /„. This makes it practical when the input voltage is a 
Gaussian pulse to define a pulse attenuation factor as follows: 

A = — (9-14) 

V l 


where 

V r = peak amplitude of received pulser 

V, = peak amplitude of input pulse 

The curves of Fig. 9-34 are for a 100-p.sec pulser and give the pulse attenuation 
factor A for a wide range of conductivities and dipole lengths. These results can 
be scaled to any other pulse width simply by using Eq. 9-16, which relates/,,,, 
a, and d. In this case, /„, is taken to be the maximum frequency for the pulse 
of interest. For Fig. 9-34, this is 10 kHz, the point at which the value of A 
deviates from that given by the solid lines or the junction of the solid line and 
the broken lines. One such point is specifically illustrated. If the pulse width 
were to be shortened to 10 (xsec, this maximum frequency would become 100 
kHz, and the curves denoted by would represent a conductivity of 0.1 
instead of 1.0. Each value of conductivity in the legends would in turn be 
multiplied by 0.1. This can all be summed up by the following empirical formula: 

A = 56.5 log io d - 56.5 log 10 (2€) + 73 (9-15) 

where ( < d < 970/cr/„, and where the radar range, d, and the antenna half 
length, (', are in meters, cr is in mhos/meter, and /„, is in hertz. The latter is 
given by the equation, 


3.76 X IQ 6 
(2d) 2 a 


(9-16) 


where d is the target depth. 

The video-pulse-radar scheme involves using a transmit and receive antenna 
at the same position. As a result, the reflected pulse of interest may be lost in 
the clutter created by the coupling of the transmitted pulse directly to the receive 
antenna. 


Figure 9-37 shows the relative location of the received signal and the input 
SI gnal for50-m dipoles spaced at 200 m in a medium where e r = 4ando- = 0.01 
m os/m. Two input signals are shown, one a 100-)xsec pulse that is approximately 
bandlirmted at 10 kHz (the LFW cutoff for the system) and the other a 10-p.sec 
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Fig 9 37 Relative locations of received signal (or 50 m dipoles spaced at distance 2d = 200 
m in a medium where t, « 4 and a ~ 0 01 mfiosfrn (a) 100 ps input pulse, and (b) 10 ps 
Gaussian input pulse 


pulse that contains significant energy to about 100 kHz It is seen that, for the 
shorter input pulse, the range delay is sufficient to separate the transmitted and 
received signals The penalty is an increase in attenuation of 14 dB The isolation 
between the transmitting and receiving antennas could be as much as 100 dB it" 
a well-designed orthogonal antenna system is used 3 * For a successful design, 
however, it is desirable to have a total isolation of greater than 120 dB (this is 
a figure arrived at by considering possible input-pulse amplitudes and receiver 
sensitivities, rather than being a fixed design parameter, it is merely a guideline) 
This same system can also be scaled to operate at kilometer depths for geophysical 
exploration 

It would seem feasible to detect signals at quite low levels using these concepts 
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ofLFW radar. In the next section, we will introduce the scattering mechanism 
for empty tunnels into this basic model. 


Scattering Model 41 ' 42 

A means of including target effects is required. This model should make it 
practical to separate target and propagation properties so that one need not make 
a separate computation for every target/range combination. This is the goal of 
the model used in References 41 and 42 to introduce the scattering mechanism 
for the tunnel as illustrated in Fig. 9-38. Figure 9-38(c) illustrates the propagation 
model we discussed in the preceding section. To introduce the scattering function 
for the tunnel, its scattered fields must first be obtained using the model of Fig. 
9-38(a), which is then normalized by the direct transmitted field of the line source 
to the image position shown in Fig. 9-38(b). The case considered in Fig. 9-38 
is for the electric line source. The response to a thin, linear, metallic cylindrical 
scatterer is then given by 


V* 


1 (Y£ 

2 \vy. 



(9-17) 


where 


Vr = voltage at terminals of receive antenna 
VV = voltage at transmitting antenna terminals 

E s lE ! = normalized scattering amplitude of cylinder in Fig. 9-38 

This model has been compared with results obtained using a precise moment- 
method solution. The agreement is within 0.8 dB when the signal being computed 
1S 142.8 dB below the transmitted peak. 

For penetrable scatterers, such as tunnels, there is a significant response for 
both polarizations, i.e., for an electric and for a magnetic line source. When 
both polarizations are taken into account, the net received voltage is 

v '*‘iv3 (1 ~ ax) (9_18) 


where 


_ ^ 



(si 


(b) 


Infinite 

tine 

Source 

■*- 




Normalization 

Ef_ 

E 1 


(cl 

Dipole 

Antenna 



id) 

Crossed 

Dipole 


kr~ .lL V - 



sl 

E 1 


Fig 9-38 introducing the scattering attenuation function of a cylinder in the radar mode) 
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Deep Probing Via LFW Video Puise Radars 

In this section we will explore the potential of the video pulse radar to detect 
large targets—for example, large ore deposits or petroleum-bearing strata—at 
substantial depths. 

The dominant features for operation of the LFW radar system are the prop¬ 
agation losses and the frequency band of operation. The upper frequency for the 
LFW band is given in Fig. 9-3. The attenuation factor A has been given in the 
form of the curves of Fig. 9-34 and also Eq. 9-15. This format explicitly includes 
the range and the antenna length and implicitly includes the pulse width and the 
conductivity. 

The remaining design parameter needed is the scattering function of the target. 
Figure 9-39 gives the reflection coefficient of various layered media as a function 
of electrical parameters. Additional curves are easily computed for other com¬ 
binations of layer and medium parameters. These curves show a decrease in 
reflection for layers as frequency is decreased. Thus, the critical frequency should 
exceed the frequency at which the reflection coefficient is, say, — 10 dB in order 
to detect a given layer. Of course, we have little interest in detecting horizontal 
layers, and, indeed, the cross-dipole antenna system will not detect them. Of 



F ! 9 9-39. Magnitude-of-reflection coefficient of plane layer with 
0 surr °unding medium, the latter being 0.001 mhos/m. 


conductivity exceeding that 
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major interest is the detection of anomalies The essential feature of the anomaly 
would be that it is of the same thickness as that given in Fig 9-39 Alternatively, 
perhaps, the lower edge should not be parallel to the upper edge so that the 
cancellation causing the low-frequency decay of the reflection coefficient will 
be minimized 

One substantial difference introduced by the LFW system is the need for the 
antenna system to be in electrical contact with the conducting ground Indeed, 
this is one of the major problems with such a system When the proper contact 
is achieved, the antenna impedance becomes essentially a frequency independent 
resistance Otherwise, the reactive component of impedance would be dominant, 
and one then must carefully match impedances to prevent multiple reflection on 
the antenna that would ‘ring” into the target range window Another essential 
characteristic of the antenna system is that the transmit and receive antennas 
must be isolated electrically Isolation as a function of antenna distortion is 
discussed elsewhere for the crossed dipole, where it is indicated that isolations 
on the order of 60 to 100 dB may be possible be very careful antenna placement 38 
It may be possible to develop adaptive techniques to improve this isolation since 
the directly coupled signal occurs in a different time window than does the signal 
reflected from the target 

9.9 CONCLUSIONS 

This chapter demonstrates that the transient radar concept has real advantages 
for subsurface probing applications The use of a transient interrogating signal 
permits target identification and discrimination with a variety of techniques The 
transient signal provides the maximum possible resolution of objects submerged 
in lossy, nonhomogeneous, dispersive soil media and achieves good depth pen 
etration with graceful degradation as soil becomes more lossy for radar signals 

A number of systems have already implemented this concept for a variety of 
applications Systems for shallow, buried target identification, for utility line 
location and/or mapping, and for tunnel detection have been briefly discussed 
here Doubtless, various other types will be developed in the future 

Finally, there is a need for more research in this area, especially for soil-radar 
propagation studies that provide regional average data and relate radar propa 
gation to structural and geological soil parameters Given the inaccessibility of 
buried targets, there must be a continuing effort on reliable target-identification 
processing Improved components and system approaches will open up more 
applications for this technology 
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10.0 INTRODUCTION 
Scope 

The chief focus of this chapter is time-domain measurements of components and 
materials where the end results are the microwave frequency-scattering para¬ 
meters of the device under test The measurement system is refened to as a 
time-domain automatic-network analyzer (TDANA), which usually consists of 
a pulse generator, delay-line network, sampling system, analog-digital interface, 
and computer The distinction between components and materials measurement 
is somewhat artificial, since the TDANA is similar in both cases, it is maintained 
m this discussion, however, because components and materials usually remain 
distinct in the literature The TDANA systems described are primarily those 
built at Sperry Research Center (Sudbury, MA) because these were often the 
ones developed first 12 and also because of the author’s familiarity with them 
during his 12 years there * Other excellent TDANA systems have been bmlt by 
the National Bureau of Standards (NBS), Boulder, CO , 34 and other organi¬ 
zations 5 6 

An Elementary Time Domain System 

The fundamentals of time-domain techniques for an insertion-loss measurement 
are illustrated in Fig 10-l(a), which shows a basic configuration consisting of 


*Jn particular, the author would like to acknowledge his debt to Dr G F Ross and Dr A M 
Nicolson for their guidance encouragement, and pioneenng contributions, and to express his ap¬ 
preciation to his co-worker, P G Mitchell 
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Fig. 10-1. An elementary time-domain system: (a) basic configuration, and (b) oscilloscope 
display. 


a baseband pulse generator, two sections of delay line, the component under 
test, and a sampling head. The generator produces an impulse (which in practice 
may have a half-width of about 60 ps) and a synchronized trigger pulse for the 
oscilloscope. This transmitted signal, v, r (f), travels through the delay lines and 
component-under-test into the sampling head, where it is sampled, digitized, 
and stored. To complete the measurement procedure, the component under test 
is removed, and the incident impulse passing through the two delay lines, v,(t), 
is acquired. These two time-domain waveforms may then be translated into the 
frequency domain using the fast Fourier transform (FFT). Their ratio, F[v,(r)]/ 
F['V(t)] —where F[v(?j] represents the FFT of v(f)—is the insertion loss of the 
component being tested. 

One of the principal advantages of this time-domain method is the ability to 
“window out” extraneous system reflections. Only a selected time window of 
the entire signal incident on the sampling head is acquired, as shown in Fig. 10- 
1(b), so that unwanted reflections from the generator and sampling head cannot 
distort the desired data. The window width must be chosen to be less than the 
two-way transit time in the individual delay lines. 

The use of a step or impulse waveform is usually satisfactory for transformed 
time-domain measurements up to about 10 GHz. Above this frequency the spec- 
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tral amplitude of available step and impulse generators decreases rapidly, and it 
is very difficult to obtain accurate results 7 To overcome this limitation, RF burst 
generators with appreciable spectral amplitude between 9 to 16 GHz have been 
developed 8 9 

For some applications, the time-domain waveforms themselves may be used 
directly without frequency translation For example, certain flaws m passive 
components can cause decreased nsetime, undershoot, and/or ringing m the 
transmitted pulse These component problems may be detected easily on a sam¬ 
pling oscilloscope display by semiskilled production line personnel 


The Time-Domain Automatic-Network Analyzer 

The function of the basic components m a time-domain measurement system 
can perhaps best be descnbed with reference to a specific system An often-used 
configuration for insertion loss measurements containing the five essential parts 
of a pulse generator, delay-line network, sampling system, analog-digital inter 
face, and computer is shown m Fig 10-2 To determine the insertion loss, the 
processed waveforms with and without the device under test (DUT) are com¬ 
pared 

The generator supplies a subnanosecond pulse that propagates through the 
delay lines and DUT to the sampling head Most workers use a high-repetition 
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Termination 


Rg 10 2 Insertion loss measurement system 
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rate, solid-state source with a pretrigger and average the data from many pulses 
to reduce noise. The pulse shape may be either a step, as supplied by a tunnel- 
diode generator, or a smoothed impulse obtained from combination avalanche- 
transistor, step-recovery-diode generators. 8,10 Since the sampling diodes are volt¬ 
age limited, it becomes important to select the pulse shape most appropriate for 
the measurement. If higher frequency results are required, the impulse waveform 
is chosen, since for the same voltage amplitude, the impulse has a greater high- 
frequency spectral amplitude than the step. Note that if information is required 
over only octave or smaller bandwidths, other pulse shapes, like the doublet or 
several RF cycles, will provide larger spectral amplitudes over a limited range. 

The delay lines provide a sufficient time window for the transmitted pulse to 
be observed free of unwanted reflections. In Fig. 10-2, the lines on both sides 
of the DUT must be long enough for the reflections between the DUT and pulse 
generator, and between the DUT and sampling head, to be outside the mea¬ 
surement window. If T w is the time-window interval and / is the line length, 
then T w < 27/v, where v is the velocity of propagation in the lines. For accurate 
measurements, the lines themselves, and the connectors adjacent to the DUT, 
must be precisely matched. The sampling head and oscilloscope are used as a 
sample-and-hold circuit with a very narrow sample gate. The interface averages 
and converts the analog scope Y output to digital information for the computer. 
To minimize noise, the computer controls the horizontal scan of the scope through 
the interface. Once the computer acquires the sampled time-domain waveform, 
it performs an FFT to extract the desired frequency information. 

Although we could measure the insertion loss of the DUT with the arrangement 
shown by acquiring the waveforms with and without the DUT in the circuit, 
several additional components are usually included to improve measurement 
accuracy. To reduce noise and jitter with “3-point” scanning, 11 a reference 
waveform derived from the pulse generator may be introduced outside the mea¬ 
surement window through the other channel of a dual-channel sampler. In some 
cases a separate pulse is not necessary, for the pulse may serve as its own 
reference. To maintain maximum amplitude waveforms at the sampling head, a 
calibrated attenuator may be inserted immediately after the pulse generator. Since 
the signal-to-noise ratio (SNR) is usually proportional to the input-signal am¬ 
plitude, SNR is optimized when the input-signal amplitude is a maximum. The 
input-signal amplitude is limited, however, by the 1-V burnout level of the 
sampling diodes. Present pulse generators furnishing about an 8-V amplitude 
pulse with 60-ps half-width must be attenuated before entering the sampling 
head. When an attenuator with an insertion loss of 20 dB or greater is measured, 
however, removing the initial pulse-generator attenuation is desirable since it is 
no longer needed to protect the sampling diodes with the test attenuator in place 
in practice, the calibrated attenuator is used in a substitution method to limit the 
voltage entering the sampling head and to serve as a comparison standard 
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Sampling and Frequency Translation 

The desired frequency response must be determined from the sampled waveforms 
rather than from the original continuous transients For a continuous signal to 
be represented by values of equi-spaccd samples, the sampling theorem must be 
satisfied The theorem states that a function of time v(f) that contains no fre¬ 
quencies greater than fo is uniquely determined by the values of v(r) at any set 
of sampling points spaced no more than l/2/> apart In practice, this means the 
sampling interval must be small enough to meet the above constraint Frequency 
conversion for the properly sampled time functions is given by the discrete Founer 
transform. 


N~l 


V(/) = T X v(nT)e~ jn2 ' n/T 

n=s 0 


( 10 - 1 ) 


for / < 1/2T, where T is the sampling interval and the v(nT) are N samples of 
the waveform Although the above equation can be used to determine/at any 
frequency between 0 and 1/2T, FFT techniques that restnet/to discrete fre¬ 
quencies—/ = klNT, where k = 0,1 N12 —are usually employed to save 

computation time when N is large 12 Other conversion techniques, such as Sa- 
mulon’s method 13 and modified FFT techniques for a small A r ,' 4 have also been 
used Further discussion on signal processing is provided in Chap 12 
The choice of A' and T is determined by the highest frequency present in the 
waveform, the time duration of the waveform, and the computer capacity for 
an Af-array FFT The spectrum of the sampled waveform is limited by the pulse 
width of the input signal, the bandwidth of the oscilloscope, and the measurement 
network If T is too large, aliasing errors will contaminate the computed spec¬ 
trum 15 The time-window width A77 should be large enough to encompass the 
entire nonzero portion of the response, or else tcuticaUou errors will appear For 
a fixed computer-storage capacity of N numbers, reducing the aliasing error 
depends on reducing T, whereas reducing the truncation error requires that NT, 
and hence T, be as large as possible A compromise must be made in the choice 
of T 

10.1 MEASUREMENT OF COMPONENTS 

Evolution from Reflectometry to Computerized Measurement 
Systems 

Between about 1964 and 1972, time-domain techniques evolved from qualitative 
observations of step waveforms reflected from discontinuities in transmission 
lines’ 6 to complete scattering parameter characterizations of two-port components 
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as a function of frequency. Time-domain reflectometry (TDR) has long been 
used to locate faults in telephone lines, but TDR techniques were applied to 
microwave components only after the introduction of sampling oscilloscopes and 
pulse generators with combined risetimes less than 100 ps. 17 Figure 10-3 illus¬ 
trates a typical TDR configuration. In TDR, reflections due to mismatches in 
the line under test are clearly discernible as separate echoes if the transmit time 
between discontinuities is greater than about half the risetime of the incident 
pulse. In addition, the shape of the reflection can provide valuable information 
about the nature of the discontinuity. Thus, the oscilloscope display can be 
directly related to line mismatch. 

These early techniques provided the impetus for subsequent advances because 
they demonstrated the power and simplicity of time-domain methods for wide¬ 
band applications. Original TDR methods were used to give only qualitative 
information about the frequency response of the discontinuity. In England in 
1965, Davis and Loeb were among the first to demonstrate experimentally that 
transient waveforms could be Fourier-transformed to obtain the frequency re¬ 
sponse of the network under test. 18 By analyzing the step-response waveforms 
reflected and transmitted through a transistor embedded in a 50-fI line, they 
calculated scattering parameters of the transistor from 0.125 to 1 GHz. The 
amplitude of each waveform as plotted on an X-Y recorder was measured at 
time intervals of 100 ps, and the data were used in a computer program to 
calculate the transform. Mismatches in the system were separated by suitable 
lengths of coaxial line, and signal-degradation effects were eliminated since both 
reference and test waveforms traversed the same signal path. Good agreement 
was obtained between the frequency response obtained by time-domain tech¬ 
niques and conventional bridge measurements. 

In the United States, the basic concept for time- to frequency-domain trans¬ 
lations using a computer-controlled sampling oscilloscope was developed by 
Nicolson and Ross. 19 In 1968, Nicolson presented a refined comprehensive 
treatment of their method to measure the broadband, microwave-transmission 


Z 0 Delay 



Fig. 10-3. Time-domain reflectometry configuration. 
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characteristics from a single measurement of the transient response 1 Results up 
to 5 GHz on short circuited stubs, couplers, and filters were reported The 
experimental configuration was similar to that of Fig 10-2, with the response 
taken directly from the vertical output of the 12-GHz sampling oscilloscope and 
subsequently filtered and digitized (Included m Reference I is an extensive 
discussion of measurement error caused by noise, nonlineanties, and frequency 
translation ) 

This analysis established the error bounds on time-domain metrology tech¬ 
niques, with the prime source of error being low-frequency timing jitter Mea¬ 
surements made on known components showed good agreement with predicted 
errors Later, in 1969, Nicolson described a method of closed-loop, computer- 
controlled scanning for dynamic correction of errors due to vertical amplifier 
drift and timing shifts “ This “3 point" scanning procedure greatly reduced 
lower-frequency noise components and permitted longer term averaging to obtain 
higher SNR 

These techniques provided new precision and enabled time domain metrology 
to proceed from testing to calibrating microwave components Another system, 
independent of Nicolson’s and reported m 1969 by Farber and Ho for both 
passive and active devices, 20 utilized an on-line computer connected directly to 
a sampling oscilloscope to facilitate time to frequency translation By 1972, time 
domain systems covering a wide range of applications were reported 2 21 Some 
of these systems with their later improvements and refinements will now be 
described 

Measurement Results 

Some representative time-domain measurement results are given in this section 
The measurement configuration is basically that of Fig 10-2 but with the addition 
of a calibrated step attenuator that is separated from the pulse generator and 
component under test by delay lines 22 A substitution procedure is used here 
With the component under test in place, the insertion loss of the calibrated 
attenuator is reduced until the transmitted signal amplitude approaches the I V 
limitation of the sampling head The waveform is scanned and digitized with a 
limited-variance, nonsequential scanning procedure 2 This 256 point scan over 
a 2 5-ns window takes about 1 minute The component under test is removed 
and the calibrated attenuation increased until the incident signal at the sampling 
head is again a maximum After this waveform is acquired, the FFT of both 
signals is computed The ratio of the transmitted-to-mcident signal transforms, 
along with the calibrated attenuator values, provides the insertion loss of the 
network 

Results of measurements on 10-dB and 40 dB wideband attenuators are il¬ 
lustrated as points m Fig 10-4, together with frequency-calibration values in- 
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Fig. 10-4. Attenuator insertion loss. 


dicated by crosses with ±1-percent error bounds. These results are a part of 
measurements taken on six attenuators ranging in value from 10 to 60 dB. When 
compared with frequency-calibration data for the same attenuators, the tests 
showed better than 1-percent agreement for insertion losses of 10 to 50 dB in 
the 0.4- to 8-GHZ frequency range. 

The accuracy of this method depends on the calibration of the substitution 
attenuator. A step attenuator was calibrated over insertion values of 10 to 60 dB 
in 10-dB steps, using a previously calibrated 10-dB attenuator as a standard. 
The standard attenuator was calibrated with a Hewlett-Packard 8542A, computer- 
controlled, phase-locked network analyzer with an estimated accuracy of ±0.05 
dB. In the calibration, a substitution procedure was followed in which the av¬ 
eraged waveforms through the standard attenuator were compared with averaged 
waveforms through the step attenuator at similar deflections. The step attenuator 
was first set to 0 dB, with the 10-dB standard in the device-under-test position. 
After the waveform was scanned four times and the results averaged, the atten¬ 
uator was stepped to the 10-dB position, the 10-dB standard was removed, 
and the resultant waveform was scanned four times and averaged. The ratio 
of the FFTs of the averages, together with the 10-dB standard values, provided 
the insertion loss difference between the 0-dB and 10-dB settings. To determine 
the insertion-loss difference between the 10-dB and 20-dB settings, the procedure 
was repeated with the step attenuator at 10 dB (with the standard in line) and 
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the attentuator stepped to 20 dB (with the standard removed) In this way, the 
step attenuator was calibrated through the 60-dB setting 

Another configuration to measure 5 n as well as S 2 i in a 2 5-ns window is 
illustrated m Fig 10-5 23 With the switches in the T (transmit) position, the 
insertion loss of the component under test is measured, whereas for return-loss 
measurements, the R position is used For this application, a directional coupler 
was designed to have an approximate smoothed impulse response in a 2 5-ns 
time window for both the transmitted and coupled pulse 24 This was accomplished 
by extending the length of the uniform coupling region so that the two-way 
travel time between the inevitable coupler discontinuities was greater than 2 5 
ns 

Figure 10 6 illustrates Sii and S 11 measurement results for a 40 dB attenuator 
Each graph shows three sets of data points two time domain measurements to 
assess repeatability and an automatic, frequency-domain, network-analyzer result 
to serve as an accurate, independent reference The discrepancies in the S 21 
transformed time-domain data above 6 GHz are due to the lower available spectral 
amplitude of the impulse generator Although a reasonable agreement between 
the transformed S M time-domain runs and network-analyzer values exists, the 
spreads are much larger than the S 2i results The discrepancy is thought to be 
caused by residual ripples in the directional coupler 

Fortunately, accurate measurements of S), are usually not required One need 
only show that S u is below some minimum value, for this situation, present 
time-domain techniques should be satisfactory 
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Insertion-loss measurements can also be taken using an RF pulse waveform 
to overcome the high-frequency deficiencies of the impulse waveform Some of 
these results for a 30 dB attenuator are illustrated in Fig 10-7 Note, m general, 
the good agreement among the three sets of data The divergencies seen below 
10 and above 16 GHz are due to the decreased spectral amplitude of the pulse 
in this range 

To overcome this inconvenience and the inaccuracies of using two pulse 
generators to cover a very large frequency range, a composite generator was 
developed that simultaneously applies both an impulse and RF waveform 9 As 
an example of the results obtainable with the composite generator, Fig 10-8 
shows the comparison between a 20-dB attenuation measurement taken on an 
automatic, frequency-domain network analyzer and the transformed time-domain 
data The time-domain measurement was taken with two 46-cm sections of 
precision 7-mm air line separating the attenuator from the composite generator 
on one side and the sampling head on the other 

Error Sources 

A fairly comprehensive error investigation was reported by Cronson and Mitchell 22 
Their experiments were designed to isolate and evaluate various sources of error, 
among them random errors due to noise and drifts, systematic errors caused by 
substitution-attenuator inaccuracies, line mismatch, deflection nonhnearmes, and 



Fig 10 7 Insertion loss measurement of 30 dB attenuator 
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inaccurate time-window widths, time-to frequency translation errors of aliasing 
and truncation, and mechanical errors due to connect-disconnect cycles An 
operational approach was adopted so that the individual errors could be expressed 
m decibels and directly related to the measured insertion loss The salient facts 
of the investigation are summarized in Table 10-1, which contains a general 
classification of the four main types of error These types are further divided 
into known types within each group For each of these types, the causes are 
identified, a procedure to evaluate the error magnitude is given, the error mag¬ 
nitude is estimated from the results of analyses and/or experiments, and methods 
to reduce the error are suggested Random noise proved to be the major con¬ 
tributor to measurement error Reference 22 and the work of Cans and Andrews 3 
should be consulted for more detail 

Comparison of Time-Domain and Frequency-Domain Automatic 
Network Analyzers 

Most readers are more familiar with swept or stepped-frequency automatic net¬ 
work analyzers (SFANA) than with the TDANA The most widely used systems 
are vector ANAs based on heterodyne principles 25 and a variety of scalar ANAs 
using diode detection 26 There are also SFANAs based on homodyne principles 27 
and six-port techniques 18 Over the years, commercially available SFANAs have 
become less expensive and easier to use because of rapid advances in desk-top 
computers and microprocessors One of the major advantages of the TDANA is 
the much lower cost of the pulse generator, made up of a tunnel diode or an 
avalanche transistor with step-recovery diodes, compared with that of a computer- 
controlled swept-frequency source, to cover the 10-MHz to 18-GHz frequency 
range A disadvantage of the pulse generator is its considerably lower signal- 
to noise ratio per frequency point, making narrow-band and very-wide-dynamic 
range measurements difficult The TDANA can be easily used for direct time- 
domain measurements, however, whereas the SFANA requires considerable 
software 29 or sophisticated microprocessor techniques 30 to present a similar dis¬ 
play 


10.2 MEASUREMENT OF MATERIALS 
Material Measurement Basics 

As mentioned, the distinction between component and material measurement is 
somewhat artificial since similar techniques are used in both applications In this 
section, material measurements are subdivided into two categories Fust, and 
most closely related to component measurements, is the method introduced by 
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METHODS OF 


CLASSIFICATION 

TYPE 

CAUSES 

EVALUATION 

MAGNITUDE 

REDUCTION 

Random 

Measured with 1-min. 

scan 

Amplifier noise and 
drift, timing jitter 
and shifts, 
quantization 

Successive scans of 
the waveform in 
an undisturbed 
configuration 

<0.13 db in 

10 db to 

10 GHz 

Increase averaging 

Systematic 

Substitution attenuator 

Error in values of 
calibrated attenuator 

Knowledge of error 
bounds of standard 
attenuator 

<0.05 dB in 

10 dB 

Smaller error bounds for 
standard attenuators 


Mismatch 

Mismatches in 
connectors or lines 
in the vicinity of 
the component 
under test 

Analysis of 
reflections with 

SWR data of 
connectors and 
components 

0.01 dB 

Care in selecting and 
assembling lines; 
calculated correction 
from known line 
imperfections 


Nonlinearity 

deflections 

Nonlinearity of timing 
ramp and errors in 
horizontal drive 
voltages 

Measure waveforms 
with simulated 
nonuniform 
sampling intervals 

0.02 dB 

Waveforms occupy same 
relative time position; 
computer linearization 


Frequency 

Error in absolute 

Measure time 

0.05% in 

Precise time window 


displacement 

value of time 
window 

window 

frequency 

calibration 

Time-to-frequency 

conversion 

Aliasing 

Spectral overlap from 
sampling interval 

Calculate spectrum 
for various 
sampling intervals 

0.025 dB 

Decrease sampling 
interval 


Truncation 

Loss of waveform 
data from finite 
time window 

Compare spectrum 
for different 
truncations 

0.02 dB 

Waveforms in same 
relative time positions 

Mechanical 

Connect, disconnect, 

Changes of connector 

Compare data over 

0.02 dB 

Minimize mechanical 

motion 

and line 
displacement 

SWR due to 

mechanical 

displacement 

many connect- 
disconnect cycles 


motion 




356 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


Nicolson and Ross for measuring radar absorbing materials 31 Second are meth¬ 
ods used by physical chemists to study the behavior of polar molecules and 
biological substances, methods referred to as time domain spectroscopy (TDS) 

In matenal measurement, the test sample is usually prepared to fill the complete 
volume between the inner and outer conductors of a section of coaxial line 
Subsequent measurements are based on the differences between the characteristic 
impedance and propagation constant of the filled and unfilled lines If an air 
coaxial line with characteristic impedance, Z 0 , and propagation constant, y 0 , is 
filled with a material having a relative complex permittivity, e = e' - je", a 
dc conductivity, a, and a relative complex permeability, p. *= p.' - jp.", then 
the new characteristic impedance is 

Z, = Z 0 Ifi/(6 - jo/c*)VP (10-2) 

and the new propagation constant is 

Ti = To[p-(c ~ jcrjw)] 1 / 2 (10 3) 

The constitutive parameters of the matenal are then deduced from the scattenng 
parameters of the altered lines 

The Nicolson-Ross Method 

The basic elements of the Nicolson-Ross method are covered by Ross in Chap 
1 of this volume 32 This section provides a more complete description of their 
system and others built at Sperry Research Center The actual delay-line circuits 
are more complicated than the simple schematics shown by Ross because of the 
need to introduce reference waveforms that reduce waveform dnft and jitter 
Figure 10-9(a) shows the complete coaxial system. Fig 10-9(b) the sampling 
oscilloscope waveforms The pulse partially reflected back to the sampling head 
is designated Another part of the pulse, V T , amves at the sampling head 
after a round tnp through the material via reflection at a short circuit Timing 
markers V A - and V Y are introduced into the time window to provide stability in 
measuring the desired waveforms, V K and V T The measurement procedure con¬ 
sists of scanning various reference waveforms and V R and V T for the sample 
under test 

Several of these systems built by Nicolson are described by Cronson and 
Ross 21 One employs General Radio’s 14-mm precision air lines and provides 
two 2 5-ns time windows, each containing 256 sampling points The other unit 
is a larger and more automated system Constructed from semiflexible RG-/U 
331 cable, it has two 10-ns windows, each with up to 1024 points The latter 
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Fig. 10-9. Delay-line configuration and waveforms for material measurement: (a) coaxial line 
system, and (b) sampling oscilloscope waveforms. 


system, delivered to the U.S. Air Force in 1971, measures e and (x over a 
frequency range of 0.1-10 GHz in about 10 min. Both systems utilize a 5-V 
step-recovery diode pulse generator with a - 6-dB width of 90 ps and a variable- 
d we]]-time scanning procedure for more efficient waveform acquisition. 

The 10-ns system has an automated design with coded lighted pushbuttons on 
the control panel to direct the measurement sequence. In addition, a special 
sample holder for measurements up to 1000°F is provided. The instrument rack, 
containing a sampling oscilloscope, operation control panel, controller, and dig¬ 
ital voltmeter, is shown in Fig. 10-10. A typical result obtained with the 2.5- 
ns system is shown in Fig. 10-11. 

One unique application of the 10-ns system is measurements at veiy high 
temperatures. 33 The high-temperature measurements employ a sample holder 
made from Kovar with gold-plated conducting surfaces that is contained in an 
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Fig 10 10 Material measurement system instrument rack 


oven and capable of being cycled between room temperature and 1000°F A 
picture of the high temperature equipment with the sample holder enclosed and 
supported in a quartz tube with ends covered by asbestos blocks is shown in 
Fig 10 12 Here the 14 mm air lines have reduced wall thickness over most 
of their length to reduce heat loss Water cooling jackets for the sample holder 
outside the oven are provided, but experience has shown that they are not needed 
below 1000T 

In 1974, the frequency range of these time domain systems was extended to 
16 GHz with a specially designed RF pulse generator 7 This system was built 
to share the same signal-storage and processing equipment as the 0 1- to 10 
GHz unit but had a different pulse generator and delay line configuration The 
result of a measurement taken on both systems is shown in Fig 10 13, along 
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Fig. 10-11. Constitutive parameters for 0.25-in.-thick Plexiglas. 

with swept-frequency analyzer results. Note the good agreement between the 
two time-domain analyzers and the swept-frequency-domain analyzer. 

It should also be mentioned that the sample thickness of the material should 
be chosen to avoid an integral number of half-wavelengths in the material over 
the frequency range of interest. From the point of view of signal-to-noise ratio, 
the thickness of the sample is optimum when the signals in the reflection and 
transmission windows are about the same amplitude. Reference 7 treats these 
considerations. 

As of this writing (1983), these systems with modified data acquisition hard¬ 
ware have been in almost daily use at the U.S. Air Force Avionics Laboratory, 
U.S. Air Force Systems Command, Dayton, Ohio, since their delivery in 1971 
and 1974. 

Time-Domain Spectroscopy 

Almost independently of the work of Nicolson, Ross, and their colleagues in 
electrical applications, physical chemists and biologists began to use TDR and 
later time-domain spectroscopy (TDS) to study liquids and various biological 
specimens. Their work has generated an extensive literature with at least several 
reviews. 34 - 36 As among electrical engineers, the methods evolved from TDR. 
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Fig 10 12 High temperature sample holder 


Fellner Feldagg was the first to indicate to physical chemists how TDR could 
replace tedious point by point measurements to obtain the dc and high frequency 
permittivity and relaxation time of polar liquids 37 Fellner Feldagg showed how 
the dc and high frequency permittivity for a non-conductive dielectric could be 
calculated from the initial and final values of the normalized reflected step 
response A theory developed independently by Bagozzi 38 for the pulse response 
of polar, liquid filled coaxial lines including the effects of skm effect losses 
was applied by Bagozzi Ives and Nahman 39 to determine very small dielectric 
relaxation times in a Debye binary liquid using a time domain transmission 
method Work on TDR of polar liquids was extended and generalized by van 
Gemert and dc Graan 40 and van Gemert 41 who treated Debye, Cole Cole, and 
Davidson Cole dielectrics with dc conductivity They concluded that standard 
TDR methods do not have sufficient accuracy to distinguish the type of dielectric 
model being tested from the shape of the step response Therefore unless the 
type of liquid is known a prion it is impossible to use the shape of the response 
to derive the relaxation time, but the desired dielectric properties can be found 
by transforming the time domain data into the frequency domain 
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Fig. 10-13. Relative permittivity and permeability for a 0.05-in.-thick ferrite. Dashed lines 
represent stepped-frequency, automatic-network-analyzer results. 

A frequency-conversion approach to long-sample TDR, based on methods 
originally developed for network analysis, was applied in 1970 by Suggett et 
al 42 and resulted in a significant improvement in accuracy. Their method, des¬ 
ignated as time-domain spectroscopy (TDS), avoided any a priori assumptions 
about the nature of the test liquid and provided much more consistent semicircular 
Cole-Cole plots than frequency-domain methods. In 1971, Loeb et al. 43 provided 
a more detailed description of TDS techniques developed to obtain reasonably 
precise measurements over a 10-MHz to 13-GHz frequency range. Methods to 
extend this work to lower frequencies were devised by Fellner-Feldagg 44 and 
DeLoor, van Gemert, and Gravesteyn. 45 Another technique based on a small 
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shunt capacitor terminating a transmission line was developed by Iskander and 
Stuchly 46 and later reviewed by the Stuchlys 47 TDS techniques are extensively 
used today by physical chemists for dielectric relaxation studies 

10.3 CURRENT RESEARCH AND FUTURE DIRECTIONS 

Time-domain research on measurements of components and materials was most 
active in the 1970s Although a time-domain measurement system has advantages 
over a frequency-domain system, a commercial turnkey system was never pro¬ 
duced Thus, the TDANA was used only m a few laboratories and could not 
gain widespread acceptance among engineers and scientists 
Current research and application areas include optical TDR for testing optical 
fibers, 4 ® 49 Josephson junction samplers, 5051 and lower cost TDANA 6 There has 
been some effort to extend time-domain techniques above 20 GHz using existing 
sampling heads and heterodyne methods 52 Computer programs are available to 
♦ranslate swept frequency ANA results into the time domain and translate a 
windowed portion of the time-domain response back into the frequency do¬ 
main 33 29 Recently, microprocessor based instrumentation has been introduced 
to perform these translations in real time 30 
Not to appreciate the information available directly m the time domain or 
transformed from the frequency domain is like covering one eye and losing 
perspective When engineers realize the advantages of time-domam techniques 
in testing very-high-speed integrated circuits, designing complex optical com¬ 
ponents, or investigating electromagnetic interference problems, the TDANA 
will find many more applications 
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11.0 BACKGROUND 

Natural lightning produces one of nature’s largest electromagnetic transients. 
Although its electromagnetic properties have been an academic curiosity since 
Franklin’s time, it took the development of the electric power, telephone, and 
telegraph industries for engineering interest in measuring them to grow. Protec¬ 
tion of the large overhead line networks of these systems required a knowledge 
of the surge delivered by a direct lightning strike. 

The need for information about lightning motivated specialists in natural at¬ 
mospheric electrical processes. These atmospheric electricians pondered the pro¬ 
cesses that lead to charge separation and buildup in the atmosphere and studied 
the details of lightning initiation and discharge processes. Throughout the history 
of lightning research, the measurement of electromagnetic transients produced 
by these processes has set the pace of scientific development in the discipline. 

Early experience with the damage that lightning could do to electrical and 
communication equipment motivated the development of protective devices, such 
as lightning arresters and guard wires. It was thus necessary to know the energy, 
charge transfer, and other basic, properties of the lightning discharge that would 
affect the design of these devices. This interest was reflected in the emphasis 
put on the high-current return stroke and follow-on currents that deliver large 
energies and transfer great quantities of charge. Much less attention was given 
to the fast processes associated with lightning. 

The advent of wireless communications sparked interest in the effects of 
lightning processes on the radio-frequency spectrum. Atmospheric noise and 
whistlers produced by lightning discharges impose a limit on communication in 
parts of the spectrum and are a significant element in the background noise in 
much of the radio spectrum from VLF to UHF. Although this interference is 
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mostly associated svith the fast processes m the discharge, almost all of the data 
on it have been obtained with narrowband receivers instead of wideband transient 
measurements This occasionally leads to some confusion about the true nature 
of the lightning transients 

Current Interest In Lightning Transients 

The coming of age of digital electronics, sophisticated integrated circuits, and 
the advances tn nonmetalhc materials for use in aircraft and rockets have been 
factors in a heightened concern about the hazards of lightning In aviation, an 
increased dependence on avionics for flight control and navigation has been 
accompanied by a reduction in electromagnetic protection as the all-metal con¬ 
struction is succeeded by insulating or poorly conducting composites The avion¬ 
ics, which once contained only narrowband analog circuits, now use mostly 
digital circuits, which are more susceptible to transients than to the spectral 
amplitude 

Likewise, the increasing use of microprocessors m industry and m the home 
have pressed the makers of this equipment—and, hence, the atmospheric elec¬ 
tricians—to develop a belter understanding of lightning as a transient interference 
source Whereas past concern has been for the direct damage that a stroke can 
produce in the form of melting metal and exploding timbers, etc , the present 
concern is for the transient that is induced deep inside structures that are elec- 
tromagnetically very complicated Because digital circuits are inherently broad¬ 
band and because coupling to them frequently depends on mutual inductance 
and capacitance terms such as Mdildt and Cdvldt, the early-time or fast-changing 
part of the lightning-produced transient is of primary interest 

In addition, for airborne systems, the properties of lightning at flight altitudes 
are important Almost all of the direct measurements of lightning have been 
done on the ground and on cloud-to ground strokes Most of the strikes on 
aircraft occur at allitudes of several thousand feet, however, and are believed to 
be intracloud strokes There is also speculation that the presence of the aircraft 
may affect the properties of the lightning stroke Thus, there is a desire to make 
direct measurements of the intracloud stroke properties and to acquire a better 
understanding of the stroke initiation processes at flight altitudes 

Finally, there is a growing interest m developing effective lightning location 
and warning systems that can be used to guide aircraft away from active lightning 
threats, give accurate data on the progress of lightning activity in the vicinity 
of fuel and explosive operations, and locate lightning-initiated forest fires before 
they develop into major fires Thus, there is a need for better association between 
lightning activity and the remote observations of that activity Much progress in 
the area of locating and tracking lightning activity has been made in the last few 
> ears 



MEASUREMENT OF LIGHTNING WAVEFORMS 377 


Special Problems in Lightning Measurements 

The measurement of the lightning-caused transients poses some unique challenges 
to the experimenter. A lightning strike is a rare event even in lightning-prone 
areas; and about 0.1 strokes per year occur inside a 100-m diameter circle in 
the vicinity of Orlando, Florida. Thus, the instruments for measuring lightning 
directly may have to wait years to capture an event that lasts less than a second 
and has important details lasting only a few nanoseconds. 

In the typical laboratory experiment, a trigger signal is provided to gate the 
recorders on prior to the arrival of the transient. Natural lightning recorders, 
however, must be self-triggered or continuously recording. 

Because of the rarity of direct strikes to average terrain, most lightning data 
are obtained from remote measurements or from direct strikes to tall structures. 
Many early measurements were made on the Empire State Building in New 
York, whose height causes it to be struck several times per year. Recent ex¬ 
periments have triggered lightning by launching rockets that reel out a grounded 
wire into promising thunderstorm areas. 1 ' 6 Although the data-acquisition rate is 
much greater in these experiments, it has not been determined whether the 
characteristics of strokes to tall structures are the same as those of strokes to 
average terrain; there is speculation that there may be differences, particularly 
in the fast and early-time properties. 

The data-acquisition rate can also be enhanced by remotely observing all 
strokes within a radius of, say, 10 kilometers of the sensor. Remote measurements 
of lightning properties usually depend on measuring the electric or magnetic 
fields (or both) and inferring the stroke current and other properties from these. 
To interpret remote measurements, it is necessary to know the location of the 
sensor relative to the stroke. In early experiments, photographic and acoustic 
data were used to help determine the location of the stroke. More sophisticated 
lightning location systems are now available that use time-of-arrival of key parts 
of the signal at two or more receivers to locate the source. 

The interpretation of remote measurements also requires an understanding of 
the effects of propagation between the source and the sensor, as well as the 
ability to associate the observed response with the part of the source producing 
it. Thus, for example, the effect on the waveshape of propagating several kil¬ 
ometers over soil of varying (and often unknown) electromagnetic properties 
may be important to the interpretation of measurements made near the ground. 
The effects of the airframe on the waveform must be determined to interpret 
airborne measurements of lightning effects. Many of the techniques described 

m other chapters may be used when adequate data on the terrain or airframe are 
available. 

Associating an observed effect with a particular part of the lightning discharge 
is perhaps the most confusing aspect of lightning research. Lightning is a very 
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complicated phenomenon, parts of which occur over a very large volume of the 
thunderstorm region The spatial separation is illustrated in Fig 11-1, where the 
locations of different sources of VHF energy in a three-stroke flash have been 
plotted 7 Each such source is separated in both space and time m the lightning 
flash, this fact is illustrated m Fig 11-2, where the individual responses m 
receivers of various frequencies are plotted 8 Hence, great care is required to 
scale responses to a common distance from the stroke and to relate measurements 
with narrowband receivers to time-domatn waveforms 



NOTE Arrow, Ind.Mt* dlracfon of propagation of group, of ,ouree, which occured 
\n bunt* 

SOURCE Reference 7 


Fig 11-1 VHF noise source locations during the three stroke Irgntnmg flash to the 150 m 
weather tower at KSC on July 19,1976 at 16 59 59 
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Fig. 11-2. Structure (illustrative) of the fields radiated by lightning as a function of time and 
frequency. 
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Since a single lightning flash appears to consist of many discrete discharges, 
each of which may contain rapidly changing currents and fields and since perhaps 
as many as 10,000 of them occur in less than one second, the recording task is 
challenging Given writing speeds fast enough to record a 100 ns change on 
0 25 cm of film, the record of a one-second flash would occupy 25 km of film' 
Since even raster scopes or multiple traces on slowly moving film cannot provide 
a record of this effective length, an entire flash has never been recorded More¬ 
over, whenever less than an entire flash is recorded, there is frequently some 
uncertainty about what part has been observed 

Obviously, the recording system must be triggered on the lightning transient 
to capture even part of the flash, continuous recording at the rate suggested above 
is not feasible To avoid too many false triggers on locally produced transients, 
the trigger level must be set above the ambient transient level For ordinary 
oscilloscopes, the leading edge of the transient will always be lost unless a large 
delay is made in the signal line 

For some digitizing oscilloscopes, the trigger freezes the information that is 
in storage regardless of whether it arrived before or after the trigger, these 
instruments can be used to capture the leading edge of the transient even though 
the trigger level is reached well after the beginning of the transient 

Careful experimenters use several different sensing and recording schemes 
with overlapping capabilities to avoid some of the uncertainties inherent in 
individual techniques Thus, for example, electrostatic fields and narrowband 
RF measurements may accompany broadband transient measurements so that 
the observed responses may be related to each other and to the events m the 
flash 

Measurement of Lightning Fields 

The fields produced by lightning and associated thunderstorm processes vary 
temporally from the near static fields of the separated charge to nanosecond 
changes associated with short sparks and leaders that occur in and about the 
charged cloud and stepped leaders The peak amplitude of the stroke current and 
the electric and magnetic fields can vary over two decades from flash to flash 
Thus, important characteristics of sensors for measuring lightning fields are their 
bandwidth and dynamic range Small electric-dipole antennas are commonly 
used to measure the electric fields of lightning, as subsequently discussed See 
Chap 5 for a more general discussion on transient sensors 

11.1 MEASUREMENT OF FIELDS 

For the measurement of transient fields produced by lightning, a sensor that does 
not dtsplaj resonances or other irregular behavior m the lightning spectrum is 
desired Electric and magnetic dipoles that are small compared to the shortest 
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wavelength in the lightning spectrum of interest are usually used for these mea¬ 
surements. These simple antennas have no natural resonances in that part of the 
frequency spectrum where they are electrically small. Because they are small, 
however, these antennas are also insensitive. Fortunately, the fields produced 
by nearby lightning are quite large so that the limited antenna sensitivity can 
often be overcome. 

As we shall discuss in greater detail later, the small electric dipole has an 
open-circuit terminal voltage that is proportional to the electric field impressed 
on the antenna and independent of frequency. Thus, in principle, this antenna 
could be used throughout the spectrum from the highest frequency at which it 
is electrically small down to dc. At low frequencies, however, it is very difficult 
to measure the open-circuit voltage induced in a small dipole because the imped¬ 
ance of the dipole becomes very large. Thus, almost any instrument for measuring 
voltage will load the antenna so much that the open-circuit conditions are no 
longer approximated. Hence, for static and very low-frequency electric fields, 
an electric field mill is used. The field mill, which mechanically chops the 
electrostatic field to convert it to an alternating signal, will also be described 
later. 

Small Electric Dipoles 

The small electric dipole employed for lightning measurements is almost always 
used with a ground plane, as illustrated in Fig. 11-3. The shape of the antenna 
element is somewhat arbitrary insofar as the antenna’s response to the electric 
field is concerned, but the shape does affect the tractability of antenna analysis, 
the mechanical design, and the source impedance of the antenna. 9 The linear 
antenna on the left of Fig. 11-3 has the smallest source capacitance. Since it 
also protrudes from the surface, it would be unsuitable for use in airborne 
experiments where aerodynamic drag is a consideration. On the other hand, the 
flush-plate antenna on the right of Fig. 11-3 can be built into the skin of an 
aircraft or rocket in such a way that it adds no drag. 

The conical dipole is shaped so that it resembles a constant-impedance, conical 
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transmission line near the feedpoint and its overall contour is that of an equi 
potential surface about an element ary linear dipole 9 ,Q It can be used m high 
fields without inducing corona from its upper end The parallel plate dipole has 
the largest source capacitance of the antennas shown but this has been achieved 
with a sacrifice in sensitivity 

The open circuit voltage at the terminals of a linear dipole immersed m a 
uniform electric field is given by 


V = h'E (til) 

where ft, is the effective height of the antenna and E is the electric field strength 
(m (he absence of the antenna) This equation may be taken as the definition ofi 
effective height As illustrated in Fig 11-4 the effective height is the height of 
the equipotentiaf containing the dipole surface when the terminals are open 
Equation 11 l is applicable to either the frequency or time domain subject to 
the size restrictions on the antenna 

Tbe antenna impedance is an almost pure capacitive reactance at frequencies 
where the antenna is electrically small Hence its short circuit current is 

Capture 

Area 



Fig 114 Effective height and capture area lor a I near dipole (a) terminals shorted and 
fb) terminals open 



MEASUREMENT OF LIGHTNING WAVEFORMS 383 


1 = Ch c 


dE 

dt 


( 11 - 2 ) 


where C is the antenna capacitance. An alternate expression for the short-circuit 
current is suggested by Fig. 1 l-4(a). The electric field within the capture area 
depicted terminates on the antenna element and induces a charge, e 0 EA, on the 
element, where A is the capture area and e 0 is the permittivity of the medium. 
The rate of change of this charge is the short-circuit current, 

/ = e 0 A —— (H-3) 

at 

From a comparison of Eqs. 11-2 and 11-3, it is apparent that 


e 0 A = h e C (11-4) 

For linear antennas, h e is about half the actual height of the antenna, and, for 
flush-plate antennas with small isolation gaps, the capture area is about equal to 
the area of the plate. 

It is apparent from Eqs. 11-1 to 11-3 that the response of the small dipole 
can be proportional to the electric field, the derivative of the field, or perhaps 
neither. To measure electric field directly, the open-circuit voltage must be 
measured; that is, the measuring instrument must not significantly discharge the 
antenna capacitance during the lightning transient, and the time constant of the 
antenna capacitance with the instrument load must be longer than the duration 
of the transient field. 

If a coaxial cable is used for carrying the signal from the antenna to the re¬ 
cording instruments, as illustrated in Fig. II-5(a), the time constant of the 
measurement system is Z c C, where Z c is the characteristic impedance of 
the cable; it is assumed that the cable is terminated in its characteristic impedance 
at the recorder. For 50-ohm cable and an antenna capacitance of 50 pF, the 
antenna terminal voltage will be proportional to the field for times short in 
comparison to 2.5 ns; it will be proportional to the derivative of the field for 
times long in comparison to 2.5 ns. Thus, it seems that the simplest measurement 
to make with a small dipole and laboratory instruments is the time derivative of 
the electric field. 

Io increase the time constant so the electric field can be recorded directly, it 
will be necessary either to increase the capacitance of the antenna, as illustrated 
Fig. ll-5(b), or the resistance of the load, as illustrated in Fig. ll-5(c), or 
both. Increasing the capacitance by loading the terminals with additional capac¬ 
itance reduces the sensitivity of the antenna in the same proportion as the time 
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Fig 115 Antennas with passive loading (a) use of coaxial cable for carrying signal (b) 
capacitance loading and (c) resistance loading 


constant is increased, provided the same cable impedance is retained (the range 
of cable impedance available is quite limited) Increasing the resistance of the 
load reduces the sensitivity of the antenna in a similar way, as illustrated in Fig 
11-5(c) 

If we wished to measure the fields of 3 lightning transient lasting 100 ps, we 
would need to increase the time constant by about 500,000, which would reduce 
the signal by 500,000 if either of these methods were used This sacrifice in 
sensitivity may be acceptable if the fields being measured are very large, as they 
are near a lightning Hash For remote measurements, however, the loss in sen 
silivity may not be acceptable For these measurements, a high input impedance 
amplifier such as a FET follower, can be used to achieve a large time constant 
without a corresponding loss in sensitivity, as shown in Fig 11 6 Time constants 
of several ms can be achieved with high feedback amplifiers and some shunt 
capacitance across the antenna terminals 
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Fig. 11-6. Active amplifier at antenna terminals for direct measurement of fields. 

An inexpensive direct measurement of fields can be made using a plate antenna 
and a passive oscilloscope probe, as illustrated in Fig. 11-7. The plate antenna 
can be fabricated from sheet metal, with plastic film serving as the dielectric 
that separates the antenna from the ground plane. With a passive 10-Mohm probe 
attached directly to the plate, the transient can be recorded directly on the 
oscilloscope. A one-square-meter antenna with 10 mils (0.25 mm) of solid 
insulation would have a capacitance of about 80 nF and also a time constant of 
about 80 ms when loaded with the 10-Mohm probe. Although the 10-Mohm 
probe typically attenuates the signal by a factor of 10 and the capacitance of the 
antenna plate reduces the terminal voltage, this method is nevertheless very 
useful for the measurement of large fields. 

Small Magnetic Dipoles 

The small magnetic dipole is a dual of the electric dipole; the short-circuit current 
induced in a perfectly conducting, electrically small loop is proportional to the 
magnetic-field strength. There are practical differences that make the design of 

Plate Antenna Ground 



Fig. 11-7. Easy-to-make antenna for direct measurement of electric fields. 
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wideband loops somewhat more difficult, however, than the design of wideband 
electnc field antennas 

Consider first a single term loop of area A that is immersed m a uniform 
magnetic field H, as illustrated in Fig 11-8 The open-circuit voltage induced 
in the loop is 


V = 



(11-5) 


and the short-circuit current of a perfectly conducting loop is 


I = 



where L is the inductance of the loop given by 

1 - ^ ['"© - 2 )] 


( 11 - 6 ) 


(11-7) 


where r is the loop radius, and a is the conductor radius, when r/a 1 Thus, 
the loop response can be proportional to either the magnetic field or its derivative 
It is often difficult to measure the magnetic field directly, however, because 
of the resistance that must be included m most practical loop designs If the 
loop is used to drive a 50 ohm cable, as illustrated in Fig 11-9, the current 
through the 50 ohms will be proportional to the magnetic field only for times 
that are short compared to the time constant LlR For single-turn loops suitable 
for measuring the fast-changing magnetic fields, this time constant may be only 



Fig 118 Single turn loop in magnetic field 
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Fig. 11-9. Loop antenna loaded with a transmission line. 


a few ns; for times longer than a few ns, the current and voltage on the 50-ohm 
load are proportional to the rate of change of the field. 

To increase the time constant, L must be increased, R must be reduced, or 
both. L can be increased by making the loop larger and by adding more turns, 
both of which reduce the highest frequency at which it is electrically small. R 
can be reduced by using current probes with a low insertion resistance; these 
probes produce a voltage (across 50 ohms, typically) that is proportional to the 
current through them. The insertion resistance may be 1 ohm or less in com¬ 
mercially available RF probes. Hence, the time constant of single-turn loops can 
be increased to 1 to 100 ps by using current probes with a 1-m diameter loop. 
Very long time constants can be obtained with many turn loops, but these 
multiturn loops tend to have self-resonances that limit their usefulness at high 
frequencies. 

Loop antennas also have current induced in them by the electric field. When 
the terminals are in the side of the loop that is perpendicular to the electric field, 
this current is a common-mode current and can be rejected by balanced circuits. 
Another option is to use shielded loops so that the current induced by the electric 
field flows on the shield, rather than in the internal loop. A half-loop version of 
the shielded loop is illustrated in Fig. 11-10. 

The discussion of magnetic dipoles should also mention slot antennas. The 
electrically small slot, illustrated in Fig. 11-11(a), is particularly useful where 
the antenna must be flush-mounted to avoid aerodynamic drag on aircraft and 
rockets or to avoid damage and trip hazards in high traffic areas. The slot antenna 
is an interruption in the otherwise uniform current density induced on a con- 



Fig. 11-10. Shielded half loop on ground plane. 
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ducting plane by the magnetic field The current flowing through a short circuit 
at the midpoint of the slot is 


I^tfl ( 11 - 8 ) 

where l r is the effective length of the slot The open circuit voltage across the 
slot at this point is 


V 



(11-9) 


The effective length of the long narrow slot is about half its actual length, 
that is, as illustrated in Fig 11-11(a), about half the sheet current interrupted 
by the slot flows through the shorted terminals at the midpoint The effective 
length can be increased by “top loading” the slot as illustrated in Fig 11-11(b) 
Some experimenters prefer to measure the rate of-change of the field rather 
than the field ttself The sensor design effort may then be concentrated on making 
the loop or slot maintain its derivative response at high frequencies where 
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is large. The high frequency performance is enhanced by making L small and 
the load resistance large. Baum and his associates 10 have developed an array of 
multigap loops that reduce the inductance by using a wide strip instead of a 
round conductor and that increase the load by using several terminals (gaps) 
about the circumference of the loop, each loaded with a transmission line. Thus, 
forexample, the four-gap loop illustrated in Fig. 11-12 is loaded with four 100- 
ohm cables that are combined to give 100-ohm-balanced output terminals. Thus, 
a very low inductance and fairly large load resistance are achieved. 

Electrostatic Fields 

Because of the complexity of the lightning flash, it is useful to have multiple 
measurements to aid in interpreting the data. A very useful instrument for this 
is the electric-field mill. This device measures the electrostatic field and slowly 
varying electric fields. Typical risetimes for field mills are tenths to hundredths 



clecM y BaU,T1 ’ S mU " i9aP '°° PS f ° r measuring dBldt: (a) four-gap ioop, and (b) cable 
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of a second Nevertheless, because lightning is an electrostatic discharge, the 
field mill’s indication of the buildup and collapse of the static field is very useful 
in interpreting the transient measurements obtained from electnc and magnetic 
dipoles On airborne measurements, an array of field mills can be used to de¬ 
termine the aircraft potential and the direction of the external static field before 
and after the flash On the ground, the field mill is often used to measure the 
large field strengths that indicate a lightning flash is imminent or can be easily 
triggered * 

The field mill is an electromechanical chopper that converts the electrostatic 
field into an alternating current The most common type uses a rotating vane 
alternately to cover and uncover a stationary sensor plate, as illustrated in Fig 
11-13 Thus, charge is alternately induced on the sensor plate and on the grounded 
vane m accordance with the following formulas 

q pk = eqEA (sensor uncovered) (11-10) 

q - 0 (sensor covered) (11-11) 

where A is the area of the exposed sensor plate For the rotatmg-vane instrument 
illustrated q(t) is a triangular wave alternating between 0 and q pk , as illustrated 



Sensor Covered 


I 

Sensor Uncovered 


Fig 11-13 Principle of operation of a field mill 
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in Fig. ll'14(a). The short circuit current to the sensor plate is a square wave 
[see Fig. 11-14(b)] of amplitude 

/ = — = ±4eqEAS (11-12) 

dt 

where S is the speed of rotation in revolutions per second. This current is amplified 
and detected to obtain a voltage or current proportional to the electrostatic field. 
Other chopper mechanisms used include oscillating shutters, rotating cylinders, 
and vibrating wires and reeds. 

With synchronous detectors, the field mill can be used in an ionized medium 
to measure both static field and current density, since the current density is also 
chopped. The ion current variation is 90 degrees out of phase with the field- 
induced current variation so that they can be separated in the synchronous de¬ 
tection. Rotating-vane mills have been used to measure fields and ion-current 
density on space probes and ionospheric sounding rockets. 

Direct Measurement vs. Data Processing 

Since the electric and magnetic fields can be obtained from their derivatives and 
vice versa, one might question the necessity for measuring the field directly 
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when its derivative can be easily measured and integrated to obtain the field It 
is important to recognize that any processing of measured data includes pro 
cessing of the noise and uncertainty in the data This is particularly important 
when integrating measured data when the value of dE/dt or dH/dt is smaller 
than the ambient noise the integration process merely integrates the noise This 
effect is illustrated in Fig 11 15 

Effects of Surroundings 

Structures between the lightning discharge and the sensor also affect the sensor 
response Imperfectly conducting soil causes attenuation and dispersion of the 
wave as it propagates between the source and the sensor As shown in Fig 11 
16 the wave propagating over finitely conducting soil has a tangential electric 
field which \s in part responsible for energy dissipated in the ground The 
tangential electric field is given approximately by 




Fig 11 15 Effect of processing data (a) derivative and (b) I eld 
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Fig. 11-16. Propagation of lightning transient over soil. 
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(11-13) 

CTO 

where a is the soil conductivity and 8 is the skin depth in the soil given by the 
equation, 8 = (w|jut/2)~ 1/2 . This expression for the tangential electric field is 
accurate for a distance from the source that is large compared with 8. 

The tangential electric field at the surface varies as co I/2 through the skin depth, 
5; the higher the frequency, the greater are E, and the losses to the soil. Hence, 
a sensor at the surface some distance from the lightning channel receives a 
distorted pulse with the high-frequency spectrum suppressed. This may be one 
reason the risetime of lightning generated fields has recently been observed to 
be much faster than was earlier believed. Weidman and Krider have measured 
the fields near shore from lightning strokes offshore and found significantly faster 
risetimes than were observed on land. 15 Note that the conductivity of seawater 
is 100 to 1000 times that of soil. 

The other major source of anomalies in lightning measurements is local struc¬ 
ture near the sensors. Sensors mounted near tall structures such as towers or 
buildings will be affected by scattering from them. Similarly, sensors mounted 
on such structures may be affected by the currents and fields induced on the 
latter. This problem is particularly acute for airborne measurements since all of 
the antennas must respond to the surface fields induced on the airframe on which 
they are mounted. Isolation of the loop antennas from local currents by placing 
them at the ends of structural elements (e.g., wing tips) or on booms or drogues 

has been proposed as a means of obtaining undistorted magnetic field measure¬ 
ments. 12 

11.2 CURRENTS 

Stroke-currem measurements were among the earliest systematic measures of 
'gaining properties. The current measurements were almost always made on tall 
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structures such as skyscrapers, radio towers, and masts, most of them being 
made under the auspices of power and telecommunication groups As a result, 
the use of current shunts and related techniques was common, and the emphasis 
W 3 s on energy and charge transfer rather than high-fidelity reproduction of the 
complete waveform Much of the early lightning current data was obtained from 
magnetic links that record only the peak current 

Shunts are popular because they can be used to measure very large currents 
and because they can be constructed w situ on tower legs, building frames, etc 
For example, the voltage drop between two points on a tower leg can be used 
as a measure of the current m the leg Such shunts can be calibrated by discharging 
a known current through the leg The difficulty with these shunts is that they do 
not accurately measure the fast changing parts of the current The voltage induced 
in the measuring circuit by large, fast-changing currents depends strongly on the 
wire dress and routing Relating the measured voltage to the current m the shunt 
is thus difficult, if not impossible 

To obtain high fidelity measurements of currents m structures, measurement 
techniques similar to those used for electromagnetic fields are required One 
approach is to use a loop antenna adjacent to the tower leg to measure the 
magnetic fields of the current There are commercial current probes available 
that concentrate this field in a ferromagnetic core and have a sensor winding 
calibrated for current through the core and a standard transmission line imped¬ 
ance These ferromagnetic core devices saturate with moderate charge transfers, 
however, so that they are not suitable for large-amplitude, long-lasting currents 
Nevertheless, they are suitable for the fast rate of change currents that are difficult 
to interpret from measurements using current shunts 


11.3 NARROWBAND MEASUREMENTS 
Instrumentation and Rationale 

Historically, atmospheric electricians have had to exercise ingenuity in devising 
schemes that would permit them to apply available but severely limited instru¬ 
mentation to the study of lightning parameters For example, until very recently, 
no instruments were available to record the high-frequency processes in the time 
waveform of the hghtnmg current or its radiated signal Accordingly, many 
experimenters were led to carry out measurements to study the high-frequency 
properties of lightning using narrowband measuring setups of the sort illustrated 
in Fig 11-17 With this arrangement, it is only necessary to have receivers that 
can cover the frequency range included in the lightning spectrum Limitations 
of receiver bandwidth and recorder response restrict the ability to identify single 
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Fig. 11-17. Experimental arrangement used for measuring spectral properties of lightning. 

events, but it is possible to make inferences regarding the existence of high- 
frequency processes (fast risetimes) and other important characteristics of the 
lightning flash. 

A further practical consideration for early experimenters was that a need existed 
for data regarding lightning noise levels throughout the RF spectrum. Since 
narrowband communication receivers were the principal devices of concern, a 
narrowband measurement of noise spectral density was adequate. 

Thus, over the years, measurements of the sort illustrated in Fig. 11-17 have 
been made by a number of experimenters using equipment with a variety of 
characteristics. 12-20 Varying degrees of attention were paid to locating the storm 
or the lightning events. In some cases, the center frequency of one or more of 
the receivers was switched during the course of a storm to permit more fre¬ 
quencies to be covered. The receiver output bandwidth varied with the experi¬ 
menter, and some used quasi-peak detectors with a discharge time constant as 
long as 0.6 s. 14 

Characteristics of Data 

Is is important to observe that narrowband measurements tend to yield a spectrum 
that is a composite of the processes in the lightning flash. If the frequency 
spectrum of a single input pulse is essentially flat over the passband (BW) of a 
narrowband receiver, the output signal will correspond to the receiver’s impulse 
response. The impulse response of a tuned narrowband system is an exponentially 
decaying sinusoid (or its exponentially decaying envelope if an appropriate output 
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envelope detector is included) The output decay time constant, t, is given 
approximately by the equation, 

t = Qivf Q (11-14) 

uhere Q = fJBW Therefore, t is given approximately by IhtBW As an ex¬ 
ample, Homer’s measurements 13 15 were made with receiver bandwidths of 250 
Hz Thus, the characteristic output decay time of his system, t = 1/250-rr, is 
given as approximately 1 3 ms For an average lightning interpulse spacing of 
50 ps, this means that 28 additional pulses have arrived and contributed energy 
(or been “stacked”) before the effect of the first one has died out 
Frequently, lightning data must be applied to the study of the effects of 
lightning on wideband systems such as aircraft wiring Since the “stacking” of 
pulses does not occur in such wideband systems, the fact that narrowband spectral 
data include the contributions from successive pulses injects complications into 
its application and interpretation for these purposes 
Oetzel collected the available narrowband data, adjusted as well as possible 
to a common bandwidth of 1 kHz and a lightning distance of 10 km, and plotted 
the resulting individual spectra 21 Later, Ctanos and Pierce added the results of 
additional measurements, but, instead of presenting the data as a collection of 
spectral curves generated by a variety of experimenters, they simply plotted the 
data points as shown in Fig 11-18 22 To unify the presentation, they plotted a 
l//lme representing an empirical relationship between peak field strength and 
frequency derived earlier for the VLF range 23 
It is evident from Fig 11-18 that at frequencies above about 1 MHz there is 
a great spread in the data and that the empirical 1//Tine generally lies along the 
upper bound of the narrowband data, whereas a l// 2 line beginning at 1 MHz 
would he along the lower bound Cianos and Pierce, who clearly understood 
the complexities of lightning processes, cautioned the reader that the Ilf line 
is only an analytical tool and does not imply any physical justifications ” 
Unfortunately, this line is now frequently taken, without the precaution, to 
represent the Cianos and Pierce perception of the lightning spectrum 

It is interesting to consider the data above 1 MHz in Fig 11-18 more carefully 
to determine if there is a reason for the great data spread observed Iwata's 
data, 1 * which he along the dashed 1 If- line, were generated using receivers with 
bandwidths of 10 and 80 kHz (which imply characteristic times of 32 and 4 p.s, 
respectively) Thus, his system response was sufficiently fast for significant pulse 
“stacking” to be precluded As indicated earlier, Horner’s system had a bandwidth 
of 250 Hz so that considerable pulse stacking would be expected and could drive 
his data upward to several tunes the single-pulse levels Since Takagi’s system 14 
used a quasi-peah detector with a decay time of 0 6 s, his measurements constitute 
a composite of the entire flash The great variability m Takagi’s data probably 
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Fig. 11-18. Peak received amplitude for signals radiated by lightning. 
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stems from the fact that he had only two receivers available, which were shifted 
from frequency to frequency as the storm progressed 


Application of Narrowband Data to Wideband Systems 

In conclusion, it appears that direct measurement of spectral density using mul¬ 
tiple narrowband receivers can yield data valid for single pulse analysis provided 
the receiver bandwidth is sufficiently great to prevent stacking This approach 
was taken by hvata, whose data m Fig 11 IB he along the dashed 1 If 2 line and 
are also m excellent agreement with the recent spectral data of Weidman, Krider, 
and Uman which were generated by taking Fast Fourier Transforms (FFT) of 
time waveforms of lightning produced electromagnetic events 24 If the bandwidth 
of the system of Fig 11-17 is increased sufficiently, it becomes possible to 
distinguish many of the individual events in a lightning flash, 21 and the data 
assume the form shown earlier m Fig 11-2 


11 4 LIGHTNING LOCATION AND WARNING 
General 

A lightning flash produces a wide variety of effects—electromagnetic, optical, 
acoustic, chemical, and physical All of these have been used individually and 
in combination for the purpose of lightning location and warning For each 
general class of effect, furthermore, special features may be identified and used 
for lightning study Fot example, electromagnetic sensors have been designed 
to detect features ranging from the gross dc-field change accompanying a flash 
to the VHfVUHF radiation occurring during the hash Each feature provides 
information about a different process m the overall flash The one chosen for a 
given measurement is determined by the overall objectives of the measurement 
program 

Often, several effects are measured and used to gain insights not readily 
achievable from the study of one of them alone For example, acoustic mea 
surements were used by Few 35 36 to develop a picture of the spatial configuration 
of a lightning current channel inside a cloud not achievable at that tune from 
either optica! or electromagnetic techniques More recently, Mazur 37 has used 
the scattering of 200 MHz radar signals from the free electrons in the lightning 
channel to determine that the NASA F-106 hghtnmg-test aircraft triggered vir¬ 
tually all of the lightning strokes it experienced during the time its flights were 
observed with the radar 


FLASH DISTANCE 
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Field-Change Measurements 

One of the earliest electrical parameters measured in connection with lightning 
location studies is the electrostatic field change accompanying a lightning flash. 
(During the flash, a portion of the charge in the thunderstorm cell is neutralized 
by the current flowing in the strokes comprising the flash. This charge neutral¬ 
ization, in turn, causes the electrostatic field in the vicinity of the cell to be 
diminished.) Although a measurement of the truly static electric field either prior 
to or after the flash would require a rotating-vane field meter or a corona discharge 
probe, the field change may be measured using a simple electric dipole antenna 
and an appropriate amplifier. An indication of the approach of active storm cells 
may be obtained by noting the increase in the number and amplitude of field 
changes registered by the field-change detector. 

In particular, flash (field-change) counters are usually designed to operate at 
frequencies below 1 kHz to take advantage of the fact that the electrostatic 
component of the field change varies with distance approximately as d~ 3 ; for the 
radiation component, the variation is as \ld. As discussed by Pierce, this choice 
of response function has the desirable result of minimizing the effect of source 
variability in the uncertainties of distance estimation. 28 

The basic circuit first used by Pierce for counting and warning is shown in 
Figure 11-19. Simple solid-state versions are possible. In operation, capacitor 
Ci is charged through R\ with a time constant of about a second; this is ap- 



1. SENSITIVITY (range) CONTROLLED BY BIAS VOLTAGE. 

2. DEAD TIME CONTROLLED BY R,C r 

3. FREQUENCY BAND (-100-1000 Hz) OF ANTENNA CIRCUIT 
ADJUSTED TO PRESERVE ELECTROSTATIC ID-3) RESPONSE 

while minimizing spurious functioning. 

Fig. 11-19. Electrostatic field-change lightning-warning device. 



400 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


proximately the upper limit of flash duration The bias voltage is set so that the 
discharge device V—a gas discharge tube, originally—is nonconductive If an 
impulse field change of sufficient magnitude is incident on the antenna, V' be 
comes conducting, C, is then discharged through V, and the counting or recording 
device operates The circuit then resets with the time constant K,C, 

Figure 11-19 also illustrates some actual electrostatic field-change measure¬ 
ments for which the flash distance was determined from the lightning-thunder 
interval The clustering around the 1 (<P relationship is quite marked Note, 
finally, that the electrostatic field changes are large m magnitude and, even when 
d = 100 km, are typically 1 VIm Thus, the signal strength is more than adequate 
for the operation of electrostatic field change circuitry up to considerable ranges 

Crossed-Loop Direction Finders 

Crossed loops can be used as the basis of a lightning direction-finding system 
that functions as follows A time-varying magnetic field penetrating the area 
enclosed bj a wire loop induces in the wire a voltage and current proportional 
both to the time derivative and strength of the magnetic field and to the area of 
the loop If the normal vector of the loop surface and the magnetic field vector 
are parallel, the induced voltage is a maximum If the two vectors are orthogonal, 
the induced voltage is zero At an arbitrary angle of incidence, a, the induced 
voltage depends on the cosine of this angle If there are two loops whose planes 
are at right angles to one another (crossed loops), the induced voltages m the 
two loops are proportional to cos a for one loop and to sin a for the other The 
ratio of the two loop voltages is a function of the incidence angle but not of 
the magnetic field strength since this cancels out From this ratio, therefore, the 
azimuthal direction of the lightning discharge can be determined 
The simple, crossed-Ioop direction finding technique, of course, yields no 
information on distance to the channel The coordinates of the lightning channel 
can be determined by the use of a pair of crossed loop systems time-tied to make 
certain that the same flash is being observed 
An alternate e scheme that allows range to be estimated from a single crossed- 
Ioop system involves using the amplitude of the received field change signal to 
generate a “pseudo range ” With this method, it is assumed that a constant 
amount of charge is neutralized in a stroke and that the amplitude of the received 
signal is inversely proportional to the distance to the lightning channel This 
concept is the basis of the Ryan “Stormscope" employed on small aircraft for 
lighting detection and ranging “The range data generated by such a system, of 
course, suffers from the fact that all lightning discharges are not indeed alike 
However, for the pilot of a light aircraft trying to avoid severe weather, it is of 
great help to know that storm conditions exit along a certain heading roughly 
so many miles away 



MEASUREMENT OF LIGHTNING WAVEFORMS 401 


A problem with crossed-loop systems is that the location algorithm requires 
that assumptions be made about the polarization of the source. Generally, it is 
assumed that the RF signal is generated by a vertically oriented current channel. 
In actuality, the lightning channel is extremely tortuous and may actually be 
horizontal over a distance of several kilometers in the region of the cloud base. 
Thus, the azimuthal direction inferred for the lightning current channel will vary 
with time after the initiation of the stroke as the channel orientation deviates 
from the vertical. These effects are familiar to modern researchers and have been 
taken into account in the development of their location systems. In particular, 
the system developed and marketed by Krider, Noggle, and Uman 30 uses only 
the first few microseconds of the signal radiated by the lightning return stroke. 
Their argument for adopting this operating principle is that at the time the stepped 
leader is contacted by the upcoming streamer from the ground, the channel is 
largely vertical. Thus, if attention is restricted to the early phases of the return 
stroke, there is very little error in assuming that the lightning signal is being 
radiated by a purely vertical channel. Restricting attention to ground strokes in 
this way is ideal for applications involving damage to objects on the ground. 
These include forest-fire initiation and damage to utility lines. Once the position 
of the channel is defined, the amplitude of the measured pulse can be used to 
infer the current and charge flowing in the return stroke channel. This information 
is also useful to forestry departments and utilities since it is indicative of the 
likelihood of forest-fire initiation or the probable severity of damage to the utility 
system. 

Time-of-Arrival Measurements 

Recordings of received signals from lightning flashes indicate that noise pulses 
are radiated at frequencies extending to microwaves. 20 These observations led 
Cianos, Oetzel, and Pierce 31 to suggest that VHF time-of-arrival measurements 
could be used to locate the positions of the short, fast processes within a thun¬ 
derstorm cell responsible for the generation of these signals. The concept was 
later demonstrated by Cianos, Oetzel, and Pierce, 32 and was adopted by NASA 
as the basis of the LDAR lightning location system at Kennedy Space Center. 33 

Much of the electrical activity responsible for the VHF radiation from a 
lightning flash is associated with the probing processes accompanying the de- 
v elopment of the leader and the redistribution of charge preceding the successive 
return strokes. Thus, the sources located by VHF time-of-arrival systems are 
spread throughout the thunderstorm cell, as indicated in Fig. 11-1. The location 
of the VHF sources and their intensity is not closely related to the location for 
> e return stroke or its intensity. Consequently, this location system is not suitable 
°r use by foresters or utilities, these being the most interested parties in the 
Precise location and characterization of the ground return stroke. This system is 
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very useful, however, in studying the development of active regions within a 
thunderstorm cell and the way in which a lightning flash evolves 7 34 


Interferometer System 

Like the time of-amval systems, interferometric systems rely on the short, fast, 
electromagnetic process in the lightning discharge for their functioning The 
relative phases of the signals arriving at a pair of omnidirectional antennas contain 
the desired information regarding the direction of amval of the signals By using 
two pairs of such antennas, it is possible to locate the source 
Such a system operating at 34 3 mHz with a 2\ baseline was used by Warwick, 
et al , for the study of the steps of a lightning stepped leader 35 Richard, et al , 
have continued the development and application of interferometric systems for 
lightning studies 3,5 Their system, which operates at 300 mHz, is arranged to 
determine angular location (elevation and azimuth) by means of two interfero 
metric pans formed by a three-antenna system Each interferometer station is 
built with two complimentary systems a large one with a 10 X baseline for 
accurate but ambiguous location of sources (since phase measurement is obtained 
with a 2 tt ambiguity) and a small one with a X baseline for ambiguity removal 


Lightning Channel Location by Radar 

Although, strictly speaking, the radar detection of a lightning channel does not 
in itself provide information about lightning electromagnetic waveforms, it can 
be used for location and to provide very important auxiliary information regarding 
lightning characteristics In particular, the use of a UHF radar by Mazur, et al , 
has provided substantial insight into the problem of lightning stakes to aircraft 27 
This information, in turn, will be of use in defining the electromagnetic signals 
experienced by aircraft 

At UHF, the electron density in the lightning channel is sufficiently high to 
produce substantial electromagnetic scattering with an acceptably slow decay as 
the channel cools Also, at UHF, the scattenng from precipitation particles is 
%ery small so that the lightning channel data are not contaminated by returns 
from the cloud itself Mazur’s UHF radar was slaved to an S-band radar system 
capable of tracking an aircraft in flight By observing the development of the 
lightning channel in the vicinity of an F-106B lightning test aircraft, he has 
determined that, for ever}’ lightning stnke to the aircraft, the channel echo began 
at the aircraft and propagated outward This implies that, in the F-106 experi¬ 
ments, the aircraft triggered the stnke 
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11.5 AIRBORNE LIGHTNING MEASUREMENTS 
Early Programs 

Reporting. As aircraft began to be operated in the proximity of thunderstorm 
cells, it was found that lightning could inflict damage to the aircraft and its 
associated equipment. In order to design aircraft properly for safe operation in 
the presence of lightning, it was necessary to study its properties and develop 
simulation techniques. Initially, much of this necessary information was gen¬ 
erated by means of lightning-strike reporting programs. 37,38 In the normal course 
of operation, following a lightning strike, the pilot of the aircraft filled out a 
report indicating the circumstances of the lightning encounter and describing the 
damage experienced. 

Initially, attention was directed at controlling the damage caused by lightning. 
Accordingly, simulators were developed for duplicating the damage observed in 
flight. In effect, the earliest airborne lightning measurements were the pits, burns, 
and other damage observed following a direct strike to the aircraft. These simple 
measurements were remarkably informative. They permitted the identification 
of critical zones on the aircraft where lightning strikes and attachments were 
most likely to occur. They also allowed the evaluation of simulators of varying 
degrees of complexity to test evolving aircraft designs. 

Project Roughrider Flight Tests. The first major effort to measure directly 
the currents associated with lightning strikes to aircraft was carried out on Project 
Roughrider. 39 This was a program in which an F-4 aircraft, specially hardened 
for thunderstorm cell penetration, was flown into the lightning-producing regions 
of active cells in an effort to attract direct lightning strikes to the aircraft. 
Instrumentation on the aircraft included oscilloscopes to record lightning currents 
flowing in special electrodes mounted at the extremities of the aircraft where 
direct lightning attachment was likely to occur. 

During the course of the program, 24 strikes were recorded. The lightning 
data accumulated were published largely in the form of oscillograms. Since this 
was a pioneering effort at storm-cell penetration and airborne lightning-trigger¬ 
ing/recording, the experience and results have been of great interest to later 
programs. 

More Recent Programs 

General. I n recent years, aircraft designers and operators have had to give 
progressively more attention to the electromagnetic signals lightning induces in 
•'reran avionic systems. More and more, these systems are being based on 
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digital technology, which is inherently more susceptible to transient impulses 
than the old analog circuitry Also, new aircraft structural materials, such as 
fiberglass and other composites provide substantially less shielding than all 
metal skins In keeping with this change m problem areas, lightning flight test 
objectives have also changed to stress measurements that help to define the 
electromagnetic properties and effects of lightning 

SRI/Atr Farce/NASA Learjet Tests. The first of the recent airborne light 
ning measurement programs accenting electromagnetic effects used a Learjet test 
aircraft and was conducted by SRI, the Air Force, and NASA in the vicinity of 
Kennedy Space Center (KSC) and Patnck Air Force Base, Florida 4041 These 
tests were designed to take advantage of the availability of an aircraft instru 
mented by SRI for launch support activity in the vicinity of thunderstorms at 
KSC The lightning measurements were intended to investigate the feasibility 
of using modern instrumentation and sensors to make airborne measurements of 
lightning related fields and to generate data on the transients generated on the 
aircraft and its interior wiring No attempt was to be made to penetrate thun 
derstorm cells deliberately or to strive for direct lightning strikes to the aircraft 
The Learjet instrumentation system was designed to accommodate the char 
actenstics of lightning Since a lightning flash generates a complicated electro 
magnetic signal with significant components ranging from virtually dc to tens 
of MHz it is necessary that all measured data be recorded in such a way that 
accurate time correlation of all components is possible In particular, there are 
sufficient differences from flash to flash, and even on the same components of 
a given stroke within a flash, that a meaningful comparison of the outputs of 
different measuring instruments is possible only if the data are obtained for the 
same flash Accordingly, all data were recorded either on an analog tape recorder 
or on floppy disk storage along with the output of an accurate clock to permit 
time correlation of the various events Provisions were made for continuous 
recording of aircraft parameters and a voice fog was provided Sensors were 
installed on the extenor and interior of the test aircraft to assist in following the 
lightning transient through the various states from propagating field to induced 
aircraft skin currents to noise signals on internal wiring 
The instrumentation system is shown m block form m Fig 11 20 The spectrum 
analyzer systems were made up of individual fixed frequency receiver channels 
Provisions were included tn the overall instrumentation to allow any of the 
spectrum analyzer systems to be used to monitor any transient sensor Spectrum 
analyzer systems No 1 and No 2 each incorporated four receiver channels 
covering the range of 10 kHz to 30 MHz whereas systems No 3 and No 4 
each consisted of only two channels This was a compromise arrangement ne 
ccssitated by the fact that the analog tape recorder available for the flight tests 
could accommodate only 14 data channels 
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Fig. 11-20. Instrumentation for 1977 lightning-transient study. 
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As indicated in Fig. 11-2, each stroke within a lightning flash is composed 
of a large number of components of widely varying spectral nature. To be able 
to define the nature of the lightning electromagnetic source, it is necessary to 
be able to resolve these individual components. For this reason, each of the 
spectrum analyzer channels was designed to have a 20-kHz bandwidth to take 
full advantage of the bandwidth capabilities of the analog tape recorder. Post¬ 
detection filter characteristics were also designed to be compatible with the 
available 20-kHz bandwidth. 

The frequency range covered by the spectrum analyzers was chosen to ac¬ 
commodate several considerations. A substantial fraction of the spectral energy 
in a flash is contained in the low frequencies (10 kHz), and, accordingly, much 
ground-based data has been generated using low-frequency monitors. Therefore, 
the (light system included provisions for measurements at 10 kHz for comparison 
vvih published ground-based data. Experience gained in nuclear electromagnetic- 
pulse (EMP) analysis indicated that signals coupling through apertures in a 
shielded system are proportional to ditdl where i is the current flowing on the 
surface of the shield. 42 This means that the high-frequency processes in the stroke 
are important in determining the signals induced in interior wiring. Consequently, 
provisions were included for measuring signal components up to 30 MHz. 

In general, the spectrum analyzer provides a means for breaking the lightning 
pulse down according to activity in the various frequency regimes. To do so is 
important because the time waveform of the lightning signal is dominated by 
the high-level, low-frequency signal associated with the return strokes. Accord¬ 
ingly, high-frequency activity of great interest in determining aircraft system 
response is not prominently displayed on normal oscillograms. 

Also shown in Fig. 11-20 are two transient digitizers that could be connected 
to members of the some set of electromagnetic sensors used with the spectrum- 
analyzer system. Each digitizer channel is essentially a wideband (100 MHz or 
more) oscilloscope that is triggered by the leading edge of the transient and 
writes t.be ii3.o5.ie.ot signs} 35 3 pastern on an stray of diode cods. The stored 
patterns are subsequently read, processed, and stored in the floppy-disk memory 
of a computer making up part of the digitizer system. 

The provisions used for time correlation of the digitizer and spectrum analyzer 
data are shown in the lower part of Fig. 11-20. A binary-coded-decimal (BCD) 
time signal was recorded by the PDP-11 computer for each digitizer system 
trigger, whereas a continuous IRIG B time-code signal was recorded on one of 
the analog tape-recorder channels used in conjunction with the spectrum analyzer. 
In addition, digitizer firings were marked on the spectrum analyzer record by 
initiating a tone-burst generator using the digitizer trigger signal. The tone burst 
was recorded on the voice log channel of the analog tape recorder. 

All of the low bandwidth data were multiplexed onto a signal channel of the 
tape recorder, including outputs from the field-meter system; aircraft parameters 
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such as altitude, heading, etc.; and the frontal charging current generated by 
flight through precipitation. The field-meter system includes an analog data 
processor that yields the free-space field components E x , E y , and £-. Aircraft 
parameters were derived largely from existing systems on the aircraft. Synchro- 
to-dc converters were used to convert aircraft signals into analog dc signals for 
inclusion in the multiplexed data. 

The Learjet test aircraft carried a wide variety and large number of sensors. 
(The design philosophies for the electromagnetic sensors have been discussed 
earlier in Sec. 11.2). The sensors that protruded through the aircraft skin are 
shown in Fig. 11-21. Five field meters were installed as shown. The two wing- 
tip units and the two fuselage units were connected to the analog data-processing 
system. The field-meter system measured the ambient static-electric field at the 
aircraft location. In addition, this system provided an indication of the static 
field change resulting from the neutralization of charge during a flash. This 
change takes place over a period on the order of a second and can be used to 
obtain a rough estimate of the distance to a flash. 

The propagating field generated at the aircraft location by a lightning flash 
could be measured by two separate sensors on the exterior of the aircraft—an 
E field antenna located on the top of the fuselage and an //-field loop antenna 
mounted in the nose radome. 

In considering the response of an airborne system to lightning transients, it is 
convenient to break the problem up into several steps. First, the propagating 
field induces currents and charge displacements on the airframe. These airframe 
currents excite apertures or diffuse through the skin to generate fields that induce 
currents in wiring on the interior of the aircraft. To assist in the analysis of this 
problem, the Learjet was equipped with a set of skin current sensors, as shown 
in Fig. 11-21, to help define the way in which the airframe is excited by the 
lightning fields. The sensors were half loops and slots, as illustrated in Figs. 11- 
10 and 11-11. Photographs of the actual sensors used are shown in Fig. 11-22. 
The current arriving on the aircraft as the result of fictional charging by impinging 
precipitation particles was measured by means of an electrically isolated metal 
patch mounted on the nose of the right-wing-tip tank. 

In addition to the external sensors discussed in connection with Fig. 11-21, 
the Learjet incorporated a number of instrumented wires on its interior, as shown 
in Fig. 11-23, that could be used to measure the signals induced on typical 
cabling on the interior of the aircraft. * In general, the pickup wires were installed 
along the major structural members of the airframe. Because each wire couples 
electromagnetically to currents flowing on the member along which it is installed, 
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Fig ft 21 Sensors mounted in skin of aircraft 
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Fig 11 23 Wire pickup sensors on interior of Learjef 
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these current measurements provide a technique for investigating the coupling 
between airframe skin currents and wiring on the interior. The locations of the 
wires and their numbers were determined by the simple expedient of running 
two extra wires in each bundle leading from the cabin to each of the field-meter 
sensors. One of the wires in each pair was shorted to the airframe at its field- 
meter sensor location. The second wire of each pair was terminated with a 68- 
ohm resistor (which was a rough estimate of the wire-to-structure characteristic 
impedance) at its field-meter sensor location. 

A patch panel inside the cabin permitted the special sensor wires to be ter¬ 
minated in either a short circuit or the characteristic impedance of 68 ohms. 
Tektronix CT-2 current transformers (Z T = 1 mV/mA) were used to measure 
the current in the wires of interest. 

In general, the specrum analyzers and transient digitizers could be connected 
to any of the external or internal sensors. Power splitters mounted in a patch 
panel in the cabin allowed selected sensors to be monitored simultaneously by 
both a spectrum analyzer and a digitizer. 


NASA F-106. Since 1980, Pitts and his coworkers have operated an instru¬ 
mented F-106 in active thunderstorm cells in an effort to gather data on direct 
strikes to the aircraft. 43 - 44 Unlike the Leaijet discussed earlier, the F-106 is 
deliberately operated inside active thunderstorm cells in an effort to induce such 
strikes. The external sensors used on the F-106 are conceptually similar to the 
field and skin-current sensors used on the Leaijet program. In addition, the F- 
106 carries an instrumented pitot tube to measure directly the currents flowing 
in strikes to the nose. Movie cameras pointed fore and aft are used to locate 
lightning attachment points on the aircraft. 

Since the space available on the inside of the F-106 is much smaller than that 


on the Leaijet, severe limitations are imposed on the design of the data-acquisition 
system. As the testing using this aircraft has progressed, the instrumentation 
system has systematically been upgraded, principally by increasing the channel 


capacity of the recording system. The transient recording system used on the F- 
106 is one based on a commercial transient digitizer (Biomation Model 6500) 
with the memory increased by over two orders of magnitude to allow recording 
°f 1.3 milliseconds of data at 10-ns resolution. 


The UHF radar lightning-location system discussed in the previous section 
has been used successfully on the F-106 program to vector the test aircraft into 
e ectrically active regions of the storm cell to maximize the probability of light¬ 
ing strikes and to provide important insights regarding lightning triggering and 

interception. 


Air Force WC-130. Between 1979 and 1981, the U.S. Air Force operated 
instrumented WC-130 aircraft in the vicinity of thunderstorm cells as part of 
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a study of lightning characteristics 45 46 Since the purpose of these tests was not 
to study direct stakes to the aircraft but to investigate the characteristics and 
effects of nearby lightning the test aircraft instrumented for lightning interaction 
studies was flown in the vicinity of thunderstorms but not through active cells 
The aircraft contained a variety of electromagnetic sensors located at various 
positions on the fuselage (conceptually similar to the Learjet sensor arrangement 
shown in Figs 11 21 and 11 23) The onboard instrumentation system gradually 
evolved and ultimately included 10 channels with 20 MHz bandwidth (using 
transient digitizers) Simultaneous ground based measurements were obtained 
including a VLF system to locate the lightning relative to the aircraft 

Transall (French) The French Office National d Etudes et de Recberches 
Aerospatiale* (ONERA) has assembled and flight tested an instrumentation sys 
tern for lightning testing using the Transall aircraft The system includes the 
following sensors and instruments 

1 Current probes on front and rear booms responding to amplitudes of ± 150 
kA with a bandwidth of about 3 MHz 

2 Four field mills to provide measurements of the atmospheric electric field 
and charge on the aircraft A real time display of the field and its direction 
is used to vector the plane into high field regions where the probability 
that it will be struck is high 

3 Electric and magnetic field sensors inside and outside a window on the 
aircraft surface Induced voltages on three wires inside the window (one 
short circuited two terminated in 50 XI) can also be measured The signals 
are sampled by four Tektronix transient analyzers with 10 ns resolution 
Most signals are recorded on tape by means of two 3 MHz video recorders 
two 14 channel 400 kHz tape recorders and two 10 MHz magnetic tape 
recorders The digital records are registered with 1,500 pretngger points 
at 10 ns intervals and 500 posttngger points at 50 ns Several additional 
magnetic field measurements can be made on the aircraft surface and 
transcribed on the 400 kHz tape recorder 

4 Sensor for measurements of precipitation charging on a special insulated 
windshield 

5 Film and TV camera photographs of the lightning strikes 

6 Photoelectric sensors for measurements of the light impulses from the tip 
and front of the fuselage 

Most analog data are transmitted from the current or field sensors through 
fiber optic links that have a dynamic range of 41 dB and a bandwidth from 500 
Hz to 180 MHz 

Mockup testing and instrument calibration has been completed and a shake 
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down test of the instrumentation on the Transall aircraft has been carried out. 
Some test flights were conducted in the southwestern part of France during the 
summer of 1984. 
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12.0 INTRODUCTION 

The acquisition of high frequency electromagnetic data poses difficulties flow, 
both measurement and signal processing viewpoints Because of the high fre¬ 
quencies required and the possibility of reflections from objects other than the 
one being tested, it is often necessary to conduct transient, rather than steady- 
state, expenments Consequently, several of the assumptions common to many 
signal-processing techniques are violated Two such assumptions that clearly do 
not apply to transient signal experiments are that the signals are stationary (1 e , 
the statistics of the signals do not change with time) and that there exists a 
"persistently exciting” input (roughly, the input signal excites all modes of the 
object being tested, and this excitation does not die out with increasing time) 
In this chapter, we discuss typical signals encountered in transient electromag¬ 
netic measurements and analyze the most common signal-processing approaches 
for extracting the desired information We do not attempt to develop the theory 
behind these methods, but we do provide references for those who wish to read 
further We also discuss briefly some of the more common applications of the 
techniques we present 

Background 

A nuclear device detonated at high altitudes generates an intense, transient, 
electromagnetic pulse (EMP) that typically has a very short risetime (a few 
nanoseconds) and a high peak field amplitude (tens of kilovolts) 1 A common 
approach in EMP analysis (and in countless other areas as well) is to use a given 


416 
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set of excitation-response measurements of an object being investigated (aircraft, 
ship, antenna, waveguide, etc.) to characterize somehow its response to an 
arbitrary excitation. In other words, we require an input-output model of the 
object. Typical time- or frequency-domain experiments used to obtain this model 
include the following: 

1. Scattering measurements 

2. Field measurements 

3. Reflectometry measurements 

4. Scale-model measurements 

5. Full-scale EMP simulator measurements 


The development of models that allow extrapolations from transient mea¬ 
surements has long been a concern of EMP researchers. Initial attempts to 
extrapolate from scale-model measurements were made with Fourier transform 
techniques. 2 Unfortunately, these attempts often failed because the data were 
noisy, and the extrapolated signals were not consistent with data from full-scale 
measurements. Time-domain nonparametric estimates of the model were often 
more successful. 3,4 Parametric (pole-zero) modeling of electromagnetic object 
responses 5 ' 7 was first motivated by the singularity-expansion method, 8 which 
also gave a theoretical justification for such an approach. Initial attempts to 
determine parametric models used Prony’s method; later, other techniques were 
borrowed from the system-identification literature. 

We want to emphasize that merely applying system-identification techniques 
to EMP extrapolation will not solve the problem. Most parametric-identification 


methods assume that input and output data arc available simultaneously (rather 
lhan collected from separate records as are data in many electromagnetic ex¬ 
periments) and that the input signal is persistently exciting. Furthermore, most 
of what is known about the quality of the parameter estimates obtained with 
these techniques is asymptotic; e.g., many estimators can be shown to be con¬ 
sistent (i.e., to converge to the correct values as the amount of data increases) 
and asymptotically efficient (i.e., to converge to the minimum variance estimate 


as the amount of data increases). The quality of the estimates for short data 
lengths is not well understood. The data quality is also limited by the state-of- 
the-art in high-frequency digitizing systems and, in many cases, by the damping 
in the object being excited. Although satisfactory results are often obtained with 
experimental data, sometimes the results are not satisfactory, and no single 
technique has proved to be sufficiently robust to solve the extrapolation problem 
vuthout fail. Even when a model appears to have been successfully identified 
rom measured data, often the resonances in the model do not coincide with the 
ones predicted by theory, suggesting inadequacies in either the model or the 
e °ry. or both. This issue will be discussed further in Chap. 13. 
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In this section, we have described the source of the problem we discuss in 
the remainder of the chapter, in the next, we will define this problem more 
carefully 

Problem Definition and General Considerations 

Simply stated, the problem we study in the remainder of this chapter is 

Given a set of input (excitation) and output (response) measurements, find the 

best model of the electromagnetic object 

We call the above statement the electromagnetic estimation problem It raises 
two issues that require further discussion Note first that we start with a given 
set of input and output measurements In fact, the selection of a reasonable input 
signal is in itself an important and difficult problem (1 e , one of experiment 
design) Certainly, one cannot estimate all of the modes of an object if all of 
them are not excited Unfortunately, the equipment used to perform transient 
experiments for the electromagnetic estimation problem usually limits the choice 
of an input signal Therefore, we limit our discussion of the input signal to how 
it can complicate the problem if it is not satisfactory A detailed discussion of 
optimal input selection is given elsewhere 910 

The second issue we need to consider is what we mean by “best model ” 
Actually, this phrase can have several interpretations For example, we might 
want our model to produce the best possible fit to our observed output when it 
is driven by our observed input On the other hand, it is more likely that we 
wish our model to be such that, when we drive it with an arbitrary input, its 
output is a good estimate of the output that would have been produced by the 
actual object being tested As we shall see, these two objectives are quite different 
and can sometimes be at odds with each other A third interpretation occurs if 
we already have a mathematical model for the test object but do not know the 
parameters in the mode! In this case we probably will consider the best model 
to be the one with parameters that are as close as possible to those of Ihe actual 
object 

We may think of the search for the best model as a process involving three 
steps First, because it is impractical to consider all possible models, we must 
restrict our search to a particular class or set We discuss several classes of 
impulse response and difference equation models in this chapter, and another 
class of models is presented in the next chapter Usually the selection of the 
model set is based on the issues of the previous paragraph and on the nature of 
the object and the experiment The next step is to select a reasonable criterion 
to measure how well a given model m the model set matches the observed data. 
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typically, the criterion is based upon squared error. The third step is to use a 
minimization algorithm to find the model in the model set that minimizes the 
criterion function. 

Because this chapter is concerned with transient experiments, most of the 
emphasis is on time-domain models; there is only a brief discussion of frequency- 
domain approaches. For most classes of time-domain models, the process of 
selecting the best model can be put in more concrete terms by expressing it as 
a prediction-error problem: The quality of a model is measured by its ability to 
predict future behavior based on past observations. The criterion in this case is 
a function that measures the size of the prediction error when the model is applied 
to the measured data. The best model is, of course, the one that minimizes this 
function. 

An important consideration in finding the best model is order determination. 
The order of a model is a measure of model size (number of model parame¬ 
ters). 3 - 11 This issue could be folded into the first step above, but most order- 
selection techniques involve minimizing the criterion function for several dif¬ 
ferent orders and then estimating the correct order based on the results. Therefore, 
we treat this problem as a separate issue. A common mistake in attempting to 
identify the best model is overmodeling. At first glance, a high-order model 
seems attractive because the higher the model order, the lower the minimum 
value of the criterion function (e.g., if all of the parameters can be varied, a 
third-order difference equation will always give a better fit to the data than a 
second-order one). What has been overlooked is something we mentioned earlier. 
We usually want our model to be a good estimator of the object’s response to 
arbitrary inputs. It turns out that, if the criterion is mean-squared error, then, 
for a large class of models, once the true model order has been exceeded, the 
variance of the error in estimating the behavior of the object for an input other 
than the measured one increases linearly with model order. 

This phenomenon has a nice intuitive interpretation: When the model becomes 
larger than necessary, the extra degrees of freedom are used to model the noise. 
On the other hand, of course, the bias will increase as the model order is decreased 
from its true value. Because the input-output characteristics of electromagnetic 
objects are typically described by very high (infinite) order differential equations, 
we usua lly face a bias vs. variance tradeoff in selecting the model order if we 
are using a differential or difference equation to describe our object. [Recall that 
mean-squared error = (bias) 2 + variance.] The concept of using just enough 
parameters in the model, but no more, is called the parsimony principle. 
r ecause the purpose of this section is to define the problem and to give the 
ma er an overview of the issues involved in solving it, we avoided discussing 

Pecnc models and the tradeoffs among them. More detailed and mathematical 

a ments of these issues can be found elsewhere. 12-15 
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12.1 SIGNAL-PROCESSING AND ESTIMATION TECHNIQUES 

A vital first step in attacking the electromagnetic estimation problem is analysis, 
and, if necessary, preprocessing of the measured input-output records Only after 
this step should a modeling technique be applied 
The models vve consider in this chapter can be divided into two basic classes 
nonparametnc and parametric In both cases, we assume that the object is a 
linear time-invanant system so that its input output behavior is completely de¬ 
scribed by its impulse response With a nonparametnc model, we estimate the 
impulse response directly with no a prion assumptions about its structure, on 
the other hand, with a parametric model, we assume that the impulse response 
satisfies some mathematical relationship and try to estimate the parameters in 
that relationship This separation of model classes is somewhat artificial, with 
digital processing we can estimate the value of the impulse response at only a 
finite number of points, and the values of these points may be thought of as 
parameters We consider the use of both frequency- and time-domain methods 
for the nonparametnc modeling problem The only parametnc models we con¬ 
sider in this chapter are difference equations, another class of models will be 
discussed in the next chapter 

Preliminary Analysis and Data Preprocessing 

Most modern data-acquisition schemes used to measure electromagnetic re¬ 
sponses of objects record the signals digitally Therefore, the data consist of 
discrete representations of continuous time (analog) signals There are several 
ways the measuring equipment can distort the data Distortions should be ana¬ 
lyzed carefully and removed whenever possible because they can bias estimates 
Perhaps the easiest distortion to analyze and correct is a nonlinearity in measuring 
the sampled values If the nonlinearity can be determined, then its inverse can 
be spgked digitally (o the samples to give the correct values A far more serious 
problem is a nonlinearity m the time base, 1 e , the length of the sampling period 
is not constant with time Correcting for nonuniform sampling usually involves 
a complex interpolation scheme that is used to compute the values of the analog 
signal at the desired uniformly spaced sample points This issue is too involved 
to treat here but is discussed elsewhere 1617 Another situation m which distortion 
can be introduced is if the measuring equipment itself has dynamics (nonuntty 
transfer function) Compensating for this distortion is a deconvolution problem 
and involves obtaining a model of the dynamics and then filtering with the inverse 
transform of the model This filtering is often restneted to a band of frequencies 
to prevent ill*conditiontng 15 The time-domain techniques for nonparametnc 
modeling, which we discuss m the next section, are also very popular decon¬ 
volution methods 
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Computing the Fourier transforms of data records is an important first step in 
preliminary data analysis, and understanding this pirocess also allows us to explain 
distortion caused by undersampling the analog signal. Suppose that the analog 
signal, .t a (r), has been uniformly sampled with sampling period T to give the 
discrete sequence, fe(ft)} = {x a (kT)}. (We assume that k ranges from 0 to 
N - 1 in the remainder of this chapter.) The Fourier transform of the discrete 
signal is given by 


X s (e^) = 2 x s (,k)e-^ m ( 12 - 1 ) 

k = 0 

If X a (ftTrf) is the Fourier transform of the original analog signal, then its re¬ 
lationship to Eq. 12-1 is given by 


Xs (e^) = l ~ £ [/27t(/ + If,)] (12-2) 

-* / = — oc 

where/j is the sampling frequency (f s = 1/7). 19 If XJjlTrf) is zero when 
1/1 >//2, then the terms on the right-hand side of Eq. 12-2 do not overlap, 
and the Fourier transform of the sequence is just a periodic version of the 
transform of the analog signal. It follows, therefore, that no information was 
lost in sampling and that the analog signal can be reconstructed from its discrete 
version. On the other hand, if the analog signal is not bandlimited to the region, 
1/1 </j/ 2, then the terms in Eq. 12-2 overlap, with the result that high-frequency 
components in the analog signal can appear as lower frequency ones in the 
discrete signal. This phenomenon is called “aliasing.” The only way to prevent 
aliasing is to use a low-pass filter with a cutoff frequency less than fj2 to 
bandlimit the analog signal before it is sampled. The fact that to be able to 
compute {.tj(A')} it is necessary to know only the value of Eq. 12-1 at N uniformly 
spaced frequencies between 0 and/) is shown by the following discrete Fourier 
transform relationships: 

Discrete Fourier Transform (DFT): 


X(n) 


N -I 

2 X s {k)e-* 2irlN)nk 
* = 0 


Inverse Discrete Fourier Transform (IDFT): 


| N- 1 

x s (k) = - 2 X{n)e il2 ^ N) ' lk 

™ »T = n 


(12-3) 


(12-4) 
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It is these transforms that are evaluated with the computer, usually via an a) 
gorithm called the Fast Fourier Transform (FFT), which reduces the order of 
the computational effort from N 2 to Mog<V operations 

Space limitations prevent a thorough discussion of the issues involved in using 
Eq 12-3 rather than Eq 12 1, but we wish to warn the reader of a few traps 
that await the unsuspecting Fust, compare Eqs 12-1 and 12-2 and note that 
the DFT must be multiplied by a factor of T when it is used to calculate the 
frequency components of the original analog signal Second, observe that the 
convolution of two sequences each having finite length N yields a sequence of 
length 2N - 1, and that, for Eq 12-1, convolution in the time domain is 
equivalent to multiplication m the frequency domain Now observe that, if we 
compute the N point DFTs of the two sequences, multiply transforms, and com 
pute the IDFT the result is a sequence of length N This discrepancy occurs 
because the IDFT of the product of two DFTs must be interpreted as a circular 
convolution rather than the usual linear convolution Linear convolutions can be 
calculated with the DFT by adding the appropriate number ofzero-valued samples 
to the ends of the original sequences and then computing DFTs of length 2 N ~ I 
or greater Increasing the length of the DFT is equivalent to sampling more 
densely in the Fourier domain, and the problems we encountered with convolution 
can be explained in terms of time domain aliasing by a time domain equation 
similar to Eq 12-2 Time domain altasmg also causes problems if we use the 
DFT to compute the inverse Fourier transform of 1 !X,{e f2 ' nJT ) because the actual 
time sequence will usually have an infinite number of nonzero values The 
required length of the DFT depends on how fast the actual sequence goes to 
zero Detailed treatments of the DFT are contained elsewhere 20 21 

At this point, the reader may have the impression that the continuous signal 
should be sampled as finely as possible, but, in fact, oversampling can also 
cause difficulties The most obvious problem is computational load If the input 
sequence, output sequence, and impulse-response seguence all are assumed to 
have length N then the number of floating-point operations increases as A 0 for 
certain nonparametnc time-domain methods Oversampling also causes the Fou 
ner transforms of the discrete signals to be nearly zero at high frequencies, and, 
as we show in the next section, ill conditioning may result (To avoid confusion, 
we should point out that the spectrum of a discrete sequence is taken to be the 
region between ~fj2 and/,72, so that by * high frequency” we mean a frequency 
near, but less than, half the sampling rate ) Other issues should also be considered 
when selecting the sampling rate 22 24 

If the sampling rate of the measuring equipment cannot be changed, using 
digital techniques to convert the sampling rate of the discrete signals will give 
satisfactory results in some, but not all, cases We consider the usual situation 
m which the sampling rate is changed by an integer factor, but it is also possible 
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to use rational factors. Decimating (reducing the sampling rate) by a factor M 
involves two steps: 

1. To avoid aliasing, apply a low-pass digital filter to the original sequence. 
The cutoff frequency should be less than/ v 72, where// is the new sampling 
rate, fJM, and the pass-band gain should be 1. 

2. Obtain the decimated sequence by retaining only every Mth sample of the 
filtered sequence. 

Interpolating (increasing the sampling rate) by a factor L also involves two 
steps: 

1. Between each sample of the original sequence, place (L — 1) zero-valued 
samples. The new sampling rate is then: // = Lf s . 

2. Apply a low-pass digital filter to the zero-interpolated sequence. The cutoff 
frequency should be less than fJ2, and the pass-band gain should be L. 

Note that thus far in this chapter we have used only the analog domain- 
frequency variable, /. Often, the normalized variable, w = 2-rr/T, where T is 
the sampling period, is used in the discrete domain. Neither decimation nor 
interpolation can correct for aliasing introduced when the analog signal was first 
sampled. On the other hand, if the Fourier transform of the analog signal is 
assumed to be zero for frequencies greater than fJM, then nothing is lost when 
the signal is decimated. More details on decimation and interpolation issues will 
be found in References 25 through 27. 

In many applications, it is necessary to impose a window function, M*)}, 
on the data sequence, {*(/;)}, before its Fourier transform is computed; i.e., we 
compute the transform of {u'(£);c(&)}, not {*(£)}• The purpose of windowing is 
to prevent spectral leakage by bringing both ends of {*(£)} smoothly to zero. I9 - 21 
Windowing is particularly important for data records that are truncated versions 
of some other record. On the other hand, because a transient signal is one that 
starts out with zero value, increases in magnitude, and then dies back to zero, 
the application of a window is pointless if the entire record is included. In fact, 
windowing can severely distort the transform if, as is often the case, the first 
part of the signal is a sharp transition from zero. One special case often occurs 
"uth measurements of transient electromagnetic signals: The record must be 
truncated after a certain time, T 0 , because it has been distorted by reflections 
rom objects other than the one being tested. Because the data record has been 
nmcated at only one end, only a one-sided window should be used, i.e., only 
ast half of any of the conventional windows so that the data is brought 
smoothly to zero at T 0 but not at the beginning of the record. 
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Because multiplication in the time domain is equivalent to convolution m the 
frequency domain, windowing is equivalent to convolving the transforms of the 
data and the window function The transform of a typical window function 
consists of a main lobe at zero frequency and lower magnitude sidelobes at other 
frequencies Truncating the data is equivalent to applying a rectangular window 
to it The rectangular window has particularly large sidelobes, and it is these 
that produce the spectral leakage (1 e , energy at one frequency in the unwin 
dowed record ‘ leaks” to other frequencies in the truncated record) 

Because the main lobe of the transform of the window function has finite 
width, another consequence of windowing is ‘‘smeanng’ (1 e , local averaging) 
of the transform of the original data record For example, if {x(A)} is a truncated 
record, T, seconds long, of a signal consisting of two sinusoids separated m 
frequency by A/, then, because the window function smears the two spectral 
lines of the original signal, the transform of {x(k)} will have two distinct peaks 
only if (approximately) A/ > 1 IT, Otherwise, the two spectral components will 
merge into a single peak This limit on the resolving ability of the Fourier 
transform is a consequence of the uncertainty principle 28 Even though the rec 
tangular window has the largest sidelobes of any of the common data windows, 
its main lobe is the narrowest, so that resolution cannot be improved by using 
a different window For a given window shape, the width of the mam lobe (hence 
also the amount of smearing) is inversely proportional to the window length 
The choice of window shape usually boils down to a tradeoff between mam 
lobe width and sidelobe magnitude 29 

The smeanng and resolution issues are crucial to an experimenter who is trying 
to obtain information about the resonances of an object with transient expert 
nients Estimating the Q of an object is often a goal of an experiment, and, from 
our discussion it should be obvious that working with truncated data records 
will cause peaks to be widened by smearing, thereby giving Q estimates that 
are too low Similarly, if the data record is short, it may not be possible to 
determine, with transform techniques, whether a given spectral peak was caused 
by a single resonator or by two resonators whose frequencies are only slightly 
different If the resonators are highly damped, the problem is even worse because 
the peaks are wide in any case We should point out that nonhneanties in the 
time base may also smear transforms One solution to the problems outlined in 
this paragraph is the use of parametric techniques Even if the impulse response 
has already been estimated by means of a nonparametnc technique, a parametric 
technique can be applied to the estimate Variables like Q or resonant frequency 
can then be computed from the estimated parameters Examples of using a 
parametric technique to estimate Q and resonant frequency from input output 
records are contained m Reference 30 It is exactly such an approach that permits 
parametric techniques (e g , maximum entropy spectral analysis) to resohe spec¬ 
tral peaks that, because of the uncertainty principle, could not be resolved with 
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conventional transform methods. An overview of parametric spectral-analysis 
techniques is given in Reference 31. 

Models for the Electromagnetic Estimation Problem 

This section is divided into three parts according to type of model being discussed. 
Some of the issues involved in selecting a particular model class were discussed 
in the Introduction; we will mention others in what follows. We denote input, 
output, and impulse response sequences by {x(k)}, \y(k )}, and {h(k)}, respectively, 
but the expressions for input and output can mean either the actual signals or 
ones corrupted with noise. In one special case we use {»(*)} to represent a noise- 
comipted output record. 

Nonparametric Frequency-Domain Models. Because the Fourier trans¬ 
form of the output of a linear, time-invariant system is the product of the trans¬ 
forms of the input and the impulse response, the most obvious way to estimate 
the impulse-response sequence is to divide the transform of the output record 
by that of the input record and then compute the inverse transform: 



[We denote estimates with a circumflex (').] If the Fourier transform of the 
input signal is small in some region of the spectrum, then the transform of the 
output will be small in the same region. In addition, if the input and output 
records are corrupted by noise, then the frequency response estimates in this 
region will have extremely high variances because they are computed by dividing 
small noise-corrupted numbers by other small noise-corrupted numbers. The 
result is often that the impulse-response estimate given by Eq. 12-5 behaves 
very erratically. What we have observed is the obvious fact that the response of 
an object at a given frequency cannot be determined unless the object is excited 
at that frequency. The best solution, of course, is to use an input signal that has 
^ e rgy at all frequencies, but physical limitations usually prevent doing this. 

ten the problem of having to divide by small numbers is a consequence of 
o't-rsampling. It can be solved by decimating the data until the Fourier transform 
0 the input record becomes sufficiently large at all frequencies. A third solution 
ls * scus sed in the section on nonparametric time-domain models below. 

n ? ther P r °b* em with Eq. 12-5 occurs if it is necessary to truncate the data 
r^or s. The records must then be windowed to prevent spectral leakage from 
anTf frequenc y estimates, but the windowing process itself introduces 
0 « form of bias by smearing the transforms. The reader should also recall 
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that DFT techniques are used to evaluate Eq 12-5 on the computer, end time- 
domain aliasing effects may cause the shape of the estimated impulse response 
to vary with the order of the DFT 

Another frequency-domain approach is the use of power spectral-density tech¬ 
niques Suppose that the input signal is a stationary random process and that the 
only measurement noise, {n(i()}, appears at the output and is uncorrelated with 
the input Then, the observed output signal is 

«(&) = y(£) + n(k) (12-6) 

and, because the noise is uncorrelated with the input, S xu (f ) — S Xy (f) Conse¬ 
quently, the Fourier transform of the impulse response is given by 

H(eM) = (12-7) 

where S X( (f) is the power-spectral-density function of {*(£)} and S xu (f) is the 
cross spectral density function of {x(k)\ and {«(£)} From Eq 12-7 it appears 
that the effects of the noise term have been completely eliminated, but, of course, 
the spectral density functions are unknown and must be replaced by estimates 
obtained from the data The usual approach is to estimate the autocorrelation of 
the input, {/?„(*.)}, and the cross-correlation of the input and output, {/?„(£)}, 
and then compute Fourier transforms to get estimates of the corresponding spec 
tral density functions It can be shown that the variance of the spectral-density 
estimates does not decrease with increasing data length unless windows are 
applied to the estimated correlation sequences so that relatively few of their terms 
are retained On the other hand, such windowing introduces bias because of 
smearing Therefore, in minimizing the mean-square error of the spectral esti¬ 
mates, we face a bias-vs -variance tradeoff because reducing the length of the 
window lowers variance but increases bias The selection of a window of rea¬ 
sonable length is a tnal-and error process The method we have outlined in this 
paragraph is discussed in greater detail elsewhere 2 14 32-34 

Of course, the method described in the last paragraph is not directly applicable 
to transient signals because such signals are very different from stationary pro¬ 
cesses, and the arguments used to justify this method lean heavily on the as¬ 
sumption that the signals are stationary In fact, windowing the correlation 
functions of transient signals usually introduces an unacceptable amount of bias 
On the other hand, suppose that the correlation estimates are the usual “deter¬ 
ministic” correlations obtained from the data records, l e , 

{««(*•)} = {*(*)} ♦ (*(-*)} and {R, U {A:)} 

= {*(*)} * {«(-*)} ( 12 - 8 ) 
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where * denotes convolution and the sequences are assumed to be zero outside 
the interval of observation. Then, if the spectral densities are calculated by 
computing transforms of Eq. 12-8 without windowing, the estimate of the fre¬ 
quency response in Eq. 12-7 is the same as would be obtained by dividing the 
transform of the output record by that of the input record, and we are back to 
the estimate shown in Eq. 12-5. Furthermore, to correct truncation effects (par¬ 
ticularly of the one-sided variety) in transient signals, windows should be applied 
directly to the data records, not their correlation sequences. Power-spectral- 
density methods for stationary processes obtain low variance estimates by time 
averaging; the problem with applying such methods to transients is that there 
are not enough data over which to average. On the other hand, if the experiments 
are repeatable, ensemble averaging is a good way to obtain low variance estimates 
from transient signals. Chapter 10 of Reference 33 discusses spectral-analysis 
techniques for transients. We discussed the spectral-density method primarily to 
point out the pitfalls of applying it blindly to the transient problem. Another 
reason, however, is that the time-domain method of the next section has a 
frequency-domain interpretation as an estimator of a form similar to Eq. 12-7. 


Nonparametric Time-Domain Models. If we assume that the impulse re¬ 
sponse has length M and that the input and output records are zero outside the 
observation interval (a reasonable assumption for untruncated transient signals), 
then the convolution relationship can be written in matrix form as follows: 


y = Xh, where y = [>’(0), y(l), . . . ,y(N - 1); 0 . . ,,0] 7 ' 
* = [/t(0), /;(!), . . . MM - l)] r , and 


.v(0) 0 0 0 

-v(l) x(0) 0 0 


A' = 


x(N - 1) x(N- 2) 
0 x(N — 1) 


jc(0) 0 

-v(D x(0) 


(12-9) 


0 0 

L 0 0 


x(N- 1) x(N- 2) 
0 x(N- 1) 


tbe in P u t-output records were completely noise free, then h could be cal¬ 
culated by inverting an M X M submatrix of X. If, however, as in the last 
rec C ‘° d n ’/ he noise a PP ears at the output according to Eq. 12-6, then the output 
lon» ' • ’ * n vec ^ or ^ orm ' s expressed as m = y + n, and, because y is no 

nhir, F a , Va,lable ’ h cannot bc computed exactly but must be estimated from the 
’ed input-output records, {x(k)} and {u(k)}. Because Xh = u - n, a seem- 
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mgly reasonable approach is to treat Eq 12-9 as a linear regression problem, 35 
i e , A is chosen to be the vector that minimizes 

(A h - u) T (X/» - «) (12-10) 

This approach has a prediction error interpretation since u ~ X h is the output 
predicted by the model and h is selected to minimize the prediction error, 
u — it, with the criterion being least squares The solution to Eq 12-10 is found 
by solving the normal equation, 


X r Xh =» A^u (12-11) 

If we define /J„.as X r X and r xu as X r u, then their entries can be obtained from 
Eq 12-8, le ,{£„], = fi n (t ~ j) and [r TI( j, = R w (i) One might expect, there¬ 
fore, that the estimate computed using Eq 12-11 and the estimate computed by 
substituting the transforms of Eq 12 8 in Eq 12-7 would be very similar In 
fact, Hunt 36 has shown that, if the impulse response is assumed to have a length, 
M - 2N — I, then the DFT of the linear-regression estimate is 


{«(«)} = ( 12 - 12 ) 

where {5^(0)} and {S^fn)} are the (length Af ) DFTs of the correlation functions 
in Eq 12-7 

If the noise signal is zero-mean, then the linear-regression estimate is an 
unbiased linear (linear with respect to u ) estimate of h, and, if the noise is white 
(the covariance matrix of n is a 2 !, where u 2 is the noise variance), this estimate 
is, in the mean-square sense, the Best Linear Unbiased Estimate (BLUE) of h. 
If the noise is not white, the BLUE estimator is obtained by minimizing the 
weighted least-squares criterion function, (Xh - u) r VT' (A/i - u) where W 
is the covanance matnx of n, n 14 We consider only the white-noise case, but 
the arguments extend to the non-white case The total variance of the linear- 
regression estimate can be shown to be 


£{(/t - hY(ft - ft)] = e 2 X T (12-13) 

where E is the expectation operator, \ u X 2 ,A„ are the eigenvalues of X r X, 
and a 2 is the variance of the white noise In our special case, k„ is a symmetric 
Toephtz autocorrelation matrix, and 
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^max max/- S„(f) (12-14) 

\ m in niin. Sxx (f) 

where S„{f) is the Fourier transform of {R XV (A')}- 37 Therefore, if the spectrum 
of the input signal is nearly zero at some frequency, the variance of the impulse- 
response estimate may be very large, even in the low noise case. This is the 
same problem we encountered with frequency-domain models. By rewriting Eq. 
12-13 in the form, 


M i 

E{it T h} = h T h + CT 2 2 — (12-15) 

m = 1 

we see that the energy in the estimated impulse response, h, will usually be 
much larger than the energy in the actual impulse response, h. If Eq. 12-10 is 
minimized subject to the condition, h 7 h < C, an energy constraint on h, then 
the form of the estimate is 


7/(8) - («.„ + 5/) _1 rx« (12-16) 


where 8 > 0 is a nonlinear, monotonic decreasing function of C and h{ 8) is a 
biased estimate of h. Here, as in the frequency-domain case, however, we face 
a bias-vs.-variance tradeoff, except that this time the tradeoff involves selecting 
a good value for 8 (equivalently, C). Often, if 5 is selected properly, h( 8) will 
have a mean-square error that is much lower than that of h( 0), the best unbiased 
estimate. One method for selecting 8 is to increase it until the solution “stabi¬ 
lizes.” Another is to select 8 in such a way 38 that the prediction error is what 
would have been expected given that the noise variance was cr 2 , i.e., pick 8 to 
satisfy 


[« - Xft(8)] r [u - Xhm = o- 2 (N + M - 1) (12-17) 

where N + M — 1 is the length of n. Several other methods for selecting 8 
that are based on statistical considerations are presented in Reference 4. 

Since the criterion function (Eq. 12-10) increases with 8, any positive value 
0 5 will increase the fitting error for the observed data. On the other hand, a 
B«od positive value gives a better estimate of the impulse response and, thereby, 
'Her estimates of the responses to arbitrary inputs. Roughly speaking, the bias 
‘ n q. 12-16 is that the Fourier transform of h( 8) is forced to be small at 
regencies where \x(k)} has little energy. When M = 2N - 1, there is an exact 
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frequency-domain interpretation As shown in Reference 36, the DFT of /i{5) 
is 


(n) 


Squirt) 

Sjx(n) + 8 


(12-18) 


This kind of bias is unimportant if the “arbitrary" inputs of interest also have 
little energy at the same frequencies If the response at these frequencies is of 
interest, the only option is to excite the object with a better test input, signal 
processing will not help 

Thus far, we have discussed only the untruncated case, but this method is 
particularly useful if the records must be truncated after a certain time, T 0 In 
this case, the linear regression estimator is obtained by replacing X and u with 
truncated versions from which all bottom rows involving samples occurring after 
time T 0 have been removed The estimate obtained from Eq 12-11 will still be 
unbiased (albeit high-variance), and, unlike in the frequency domain, no windows 
need be applied to handle spectral leakage The variance can, as before, be 
lowered by using Eq 12-16 However, X r X will no longer be Toeplitz, so all 
of the frequency-domain interpretations no longer apply In particular, there are 
examples in which {x{k)) has a white spectrum, and yet the minimum X T X is 
arbitrarily small 

Another modification to the technique we have presented is the replacement 
of the identity matrix by some other matrix Depending on the matrix selected, 
the simple energy constraint we used can be changed to weighted constraints in 
either the time domain or the frequency domain, or both Such modifications 
are discussed m several of the references Computational issues are important 
because the dimensions of R„ may be large Fortunately, in the untruncated 
case, ( R „ + hi) is Toeplitz, and Eq 12 16 can be solved using the Levinson 
algorithm 39 An even faster frequency-domain approach is possible if the value, 
Af = 2 N — 1, is acceptable 36 References 35—44 treat various aspects of the 
method we have outlined in this section. Reference 4 gives a more detailed 
overview with emphasis on the truncated case 

Because the input and output signals are measured in the same way in many 
experiments, the assumption that noise affects only the output, as m Eq 12-6, 
may not seem reasonable Usually, however, the excitation signal is much larger 
than any measurement noise, furthermore, because the same excitation signal is 
typically used for many experiments, the experimenter should be willing, if 
necessary, to use ensemble averaging to obtain a low-variance estimate of {*(£)} 
The estimation problem becomes much more complex if noise on the input 
record must be considered, because the X matrix is no longer deterministic and 
the linear regression model no longer applies 
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Parametric Time-Domain Models. In this section, we outline the issues 
involved in estimating the parameters of a difference equation in order to describe 
the input-output behavior of our test object, i.e., we model this behavior with 
the equation, 


M 


a 


M b 


2 a(i)y(k - /) = 2 b(j)x(k - j) 

i=0 j =i 


(12-19) 


If the object satisfies such a relationship exactly, then its impulse response can 
be determined by replacing {*(£)} with the unit impulse sequence; the resulting 
output will be {h(k)}. The sum over the input starts at j = 1 because the object 
is not assumed to respond instantaneously. 

Parametric models have several advantages over nonparametric ones. If the 
object’s input-output behavior satisfies a finite-order difference equation, then 
estimating its parameters, instead of estimating {h(k)} directly, will often give 
a better mean-square estimate of the impulse response. Furthermore, the poles 
of Eq. 12-19—i.e., the roots of 2-% fl(/)z~'—may have physical significance 8 
and may indeed be the goal of the experiment. Even if a finite-order difference 
equation is not an appropriate model for the test object, often such an equation 
of sufficiently high order can be used to give a good estimate of the impulse 
response or to improve resolution and obtain better estimates of Q. 

Because the data records, {*(/:)} and {>’(£)}, are noisy (and because the model 
does not describe the object exactly), there will usually be no values of the 
parameters, {a{i)} and {&(/)}> such that Eq. 12-19 is satisfied exactly. The most 
obvious solution is to add an error term, {v(A’)}, to Eq. 12-19 and then select 
the parameters to make the error small. By rewriting Eq. 12-19, we can show 
that [v(k)} has a prediction error interpretation [that c/(0) = 1 is assumed]: 


)ik) = 


- 2 a (i)y(k -0+2 b(j)x(k - j) 


J -1 


+ v(Jfc) (12-20) 


where the term in square brackets uses previous input and output values to predict 
1 e next value of the output, y(k). Dudley 7 gives a detailed treatment of this 
approach to the electromagnetic estimation problem; we give a brief summary 
0 is discussion in the next two paragraphs. 

^ cause jr(A)} is a linear function of the parameters, the optimal parameters 
e^ Qr e ° btained ’ if the usual sum-of-squares criterion is applied to the prediction 
thaUf -° IVIng a l inea r least-squares problem. For convenience, we assume 
r a ~ M b = m and define Eq. 12-21 as shown on the following page. 
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Interns of this expression, Eq. 12-20 becomes 

Wd = y - v (12-22) 

and, of course, the value of 0 that minimizes v r v is the solution to the normal 
equation: 


W r W0=W r y (12-23) 

Note that, if M a = 0, then Eq. 12-21 is the same linear-regression problem we 
solved in the truncated-data case of the previous section. Unfortunately, however, 
if M a = 0, then {)>(/')} appears in both y and W, and, because {y(i)} cannot be 
considered deterministic, Eq. 12-21 is not a standard linear-regression problem, 
although it has the appearance of one. In fact, unless \v(k)} is white, the solution 
to Eq. 12-23 is inconsistent (i.e., it is biased even as N gets large). This bias 
can be severe even at only moderate noise levels. It is important to understand 
that {v(A-)| is not output noise. In particular, if the only noise in the system does 
enter at the output according to Eq. 12-6 and {«(£)} is substituted for {>’(/:)} in 
Eq. 12-20, then 

M a 

v(k) = 2 a(i)n(k — /) 

i = 0 

Therefore, even if the only error is white measurement noise on the output, the 
parameter estimates will be biased. 

In Eq. 12-21, the signals were assumed to be zero before the observation 
interval but not after. It is also possible to assume that the signals are zero after 
the observation interval, but this is usually not done with parametric modeling. 
The zero-signal assumption before the observation interval is made because, 
roughly speaking, it forces the estimator to take a closer look at the (often 
important) first part of the signals. If this assumption cannot be made because 
the first few samples of the observed data are not close to zero, then W, y, and 
v should be replaced with y h and Vj in Eqs. 12-22 and 12-23. The first 
attempts at parametric modeling of transient electromagnetic systems used Pron- 
)' s method 5 6 to fit an exponential series to a single data record. If IT,, y h and 
b are used, if {.v(/;)} represents the unit-impulse sequence, and if 2M = N so 
that there are as many parameters as samples, then the error term is zero and 
“!• 12-22 is the “curve-fitting” form of Prony’s method. If 2 M < N, then solving 
P' 12-23 yields the {a(z)} parameters that would result from the least-squares 
° rm Pfony’s method, but the \b(j)} parameters are different because they are 
c osen to match the first few data points exactly. Because the columns of W are 
so shifted versions of the data records, oversampling causes the same condi- 
wi'ng problems with inverting as it did with FX of the last section, 
is a recursive algorithm (one in which the data records are used one sample 
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at a time) for solving Eq 12-23 that makes this method particularly attractive 
for small computers 

One way to reduce bias in the solution to Eq 12-23 is to introduce a noise 
model Several different models are available 45 46 , the most useful for our pur 
poses results from assuming that the error term is produced by filtering a white- 
noise sequence, (e(k)}, through a moving average filter, i e , 

H a M b K 

2 a(0}(k - «) * - ;) + 2 - l) (12 24) 

1=0 j =1 1=0 

That both o(0) = 1 and c(0) = 1 is assumed Equation 12-24 is the so-called 
autoregressive moving-average model with exogenous input, and it is often 
denoted by ARMAX(M fl ,M*,M c ) This equation can be rewritten m terms of 
polynomials in the backward-shift operator q 1 Iwhere q 'y(k) = y(k - 1)], as 
follows 


Mq ')>(£) - B(q ')x(k) + C{q ')e(fc) (12-25) 

In turn, Eq 12-25 can be rewritten in prediction-error form, as follows 

[A{q~')y(k) ~ B(q~ x )x{k)) = e{k) (12-26) 

That <?(/.) is the error in predicting y(k) from past values of the sequences {y(£)} 
and {x(i)l is shown in Reference 46 If the data records are generated by an 
ARMAX system, then a reasonable estimate of the model parameters can be 
obtained by minimizing the sum-of-squares of the sequence {e(A)} that results 
from substituting the data records into Eq 12-26 This minimization is computed 
over {a(/)}, {b(jj}, and {c(/)| If the order of the model is correct, then under 
reasonable assumptions, this estimate will be consistent and asymptotically ef¬ 
ficient Of course, such asymptotic criteria may not be useful for the transient 
case, but simulations have shown that this model often works well Unfortu¬ 
nately, however, although the prediction error is still a linear function of {o(0} 
and {£(./)}, it is nonlinear with respect to {c(/)} ( and thus iterative nonlinear 
minimization techniques must be applied Often the solution to Eq 12-23 is 
used as a starting point The estimator for the ARMAX model also has a recursive 
implementation, but it may be necessary to ran the same data through the re¬ 
cursion several times before the solution converges because the recursive al¬ 
gorithm is just a special version of an iterative minimization algorithm 
The two techniques we have considered thus far are called equation-error 
methods because the input-output data are substituted into a difference equation 
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whose parameters are then adjusted to minimize the error resulting from this 
substitution. The third technique we consider is an output-error method in which 
a difference equation is actually driven by the observed input signal, i.e., 

M b 

2 a(i)y(k - i) = 2 b(j)x(k - j) (12-27) 

i=0 • 7=1 

The output error, {e(k)}, is the difference between the output of the model and 
the output data record, as follows: 


e(k) = y(k) - y(k) (12-28) 

The parameter estimates are obtained by computing the {«(/')} and (My)}, 
which minimize the sum-of-squares of the output error sequence. This minimiza¬ 
tion problem is linear in the {b(j )} but not the {«(/)}- Although {e(fc)} is still 
the error in predicting {y(fc)} from past data, now only the input sequence, 
{x(i (•)}, is used in the prediction. This technique has a “robustness” advantage 
over the previous ones because, if noise enters the system only as in Eq. 12-6, 
then the parameter estimates are consistent even if the noise is correlated and 
no noise model is used. This method is considered in more detail in the next 
chapter; a particular implementation is described in Reference 30. 

The models we have discussed in this section appear to be adequate for simple 
electromagnetic objects like spheres, cylinders, etc., but may not always be 
satisfactory for highly coupled, complex structures such as scale models of ships 
or aircraft. More complicated algorithms based on model-based techniques and 
the Kalman filter are capable of handling multiple-input and multiple-output data 
records as well as nonstationary statistics. 47 - 48 Some initial research has been 
conducted with these algorithms, but more work is needed to determine their 
suitability for the transient problem. 49 


12.2 APPLICATIONS 

This section treats the application of the techniques previously described to some 
bpical electromagnetic estimation problems. First, we consider the application 
^ arametI T c methods to characterize an electromagnetic transient facility. Sec- 
n . we show how signal-processing techniques can be used to estimate the 
impe ance and effective height of an antenna from noisy time-domain reflec- 
p^ measurements. Third, we discuss EMP calculations for a scale model 
filter aircraft, and, finally, we estimate the parameters of a simple dipole 
n B noisy transient measurements. 
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Characterization of an Electromagnetic Test Facility 

Identification techniques have been used to improve signal quality at the Law¬ 
rence Livermore National Laboratory’s Electromagnetic Test Facility (EMTF) 
(see Chap 7) The EMTF was developed pnmanly to investigate the responses 
of objects subjected to transient electromagnetic fields The facility has been 
used (1) to characterize the EMP response of scale models (e g , tanks, aircraft, 
ships), (2) to validate experimentally theoretical and computer model predictions 
for simple structures (e g , dipoles, cylinders, wires), and (3) to characterize 
antennas by means of reflectometry and scattering measurements The facility 
is versatile and can be reconfigured easily to meet changing project needs Signal¬ 
processing and estimation techniques have been applied to improve the processing 
of noisy data and to develop models to characterize the facility for calibration 
and experiment-design purposes 

The EMTF can be divided into three major subsystems (1) the incident-field 
simulator, (2) the test object, and (3) the measurement system The field simulator 
is designed to produce an approximation to a propagating plane wave and consists 
of a short-duration (200-psec), high-intensity (1-KV) pulser, a conical antenna 
with a 45-deg half angle, and a ground plane The antenna, when excited by the 
pulser, produces a transient field that excites the test object and produces mea¬ 
surable responses over a band 3-GHz wide The incident energy is scattered 
from the test object and is then sampled by voltage or current probes whose 
outputs are fed to either a transient digitizer or a sampling oscilloscope These 
measurements are corrupted by noise and distortion caused by the recording 
equipment, the source antenna, cables, probes, reflections from other objects, 
and environmental disturbances To improve signal-to noise ratio and compen¬ 
sate for distortion, signal-processmg techniques must be employed Figure 12- 
1 is a diagram of the EMTF For a more detailed discussion than we present 
here, see References 50 through 52 



Incident Field Emulator Measurement SyUem 

Frg 12-1 EMTF system diagram 
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A black-box modeling approach to characterizing the EMTF (i.e., to obtaining 
models of the required instrumentation) has been taken. “Black box” means that 
the models are fitted to the input-output data records with no attempt to relate 
the fitted or identified model to the physics of the problem. The identified models 
may, of course, be thought of as digital filters, and these filters (or their inverses) 
can be used to reduce noise and distortion in the data records. Therefore, we 
may view the identification of the various components of the EMTFs instru¬ 
mentation as a means for designing noise-reduction filters. 

We now describe an identification we performed on the pulse generator. 
Because no input was available and because we needed a model for simulation 
purposes, we assumed that the input was the impulse sequence, as shown in 
Fig. 12-2. Before proceeding with the identification, it is first necessary to 
consider some of the factors we outlined in the Introduction. We decided to use 
an ARMAX model and minimize the square of the prediction error via a recursive 
algorithm. The particular algorithm we used is the recursive maximum-likelihood 
method. 46 For a starting point, we used the estimate given by the linear least- 
squares estimator of Eq. 12-23. 

In performing the actual identification, we took the following steps: 

1. Data preprocessing 

2. Order testing 
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No se M-’an Value 0 24051 4E 02 

No se Standard Dev at on 0153158£ 02 
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Start ng Sample 50 

Percent Out of Bounds ® 10 8105 



Fig 12 5 Whiteness tests of est mated pulser data 

by a free field probe at the EMTF—is depicted in Fig 12 6{a) Note that the 
identified model for the given input has filtered or reduced the noise significantly 
Details of the simulation can be found in References 51 and 52 
A simple method for removing instrumentation effects from the measured data 
requires the solution of the deconvolution problem which can simply be stated 
as follows 

Gn cn the measured data {>'(£)} and impulse response {h(k}} of a linear system 
find the unknown input sequence {n(&)} driving the system 

Our problem is more complex because the measured data are noisy We can 
use the identified model to perform the deconvolution simply by constructing 
the corresponding inverse filter We use the following deconvolution procedures 

1 Identify the ARMAX model (impulse response) from an independent set 
of input output data 

2 From the identified model [B(z)lA(z)] construct the inverse model 
[A(z)!B{z)} 

3 Select a set of measured outputs {>(£)} that are different than the set 
used to identify the model in step l 




Amplitude (Volts) 
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^9-12-6. Wiener filtering and deconvolution of a D-dot probe. 
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4 Apply the {y{k)} from step 3 to drive the inverse mode! (A(z)/S(z)] to 
generate an estimate of the input sequence {«(£)} 

In the case of the D dot probe, we identified the process model as shown in 
Fig 12 6(a) The probe was deconvolved from the free-space response data 
using the above procedure The estimated input is overlayed with the simulated 
antenna response for comparison in Fig I2-6(b) Here we see that over ap¬ 
proximately the first 30 samples of the response (the high signal lo-noise ratio 
region, attributable to the antenna only), the deconvolution procedure works 
quite welt, however, when the signal to noise ratio deteriorates (past 30 samples), 
the deconvolved input is not veiy good This deterioration is to be expected, 
since, when the transient signal (antenna response) dies out, the deconvolver 
merely integrates the noise More sophisticated deconvolution techniques for 
transient signals have become available 4 18 48 We mention in passing that, if the 
probe model is not desired for simulation purposes, then, in step 1 of the pro 
cedure, the deconvolver could be identified directly by letting the measured 
output be the input to the identification algorithm and the measured input be the 
output In this way, we can identify the deconvolver directly and merely apply 
it as a digital filter to the measured response in order to obtain the deconvolved 
input This concludes our discussion of the signal processing at the EMTF In 
the next section, we will use the signal-processing approach to estimate the 
impedance and effective height of an antenna 

Antenna Impedance and Effective Height 

Scale model testing and analysis is often a useful tool m designing electronic 
equipment that is hardened agamst the effects of BMP Time-domain-reflectom 
etiy (TDK) measurements are particularly useful for antenna testing and mod 
ehng In this section we show how signal processing techniques can he used to 
estimate the impedance and effective height of a test antenna from noise-corrupted 
TDR measurements 

The load voltage v*(f), of an antenna being tested is measured by exciting the 
antenna with a transient pulse [see Fig 12-7(a)} Next the open-circuit voltage, 
Vq(/), is measured by replacing the test antenna with a probe and conducting the 
same experiment These two measurements permit the calculation of the antenna 
input impedance, Z a (f) The relationship between the two measured voltages is 
given by the reflection coefficient, 

*</) = W)!V 0 (/) (12-30) 


The input impedance is in turn given by 
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(a) 



Fig. 12-7. (a) Antenna impedance measurement, and (b) effective height determination using 
FUeveriin equivalent circuit [Z^S) = antenna impedance; Z L (S) = load-circuit impedance; 
h e(S) = antenna effective height; and £(S) = incident field]. 


_ [1 - Rif)] 7 _ Waif) + z 
[1 + R(f)] ° f V 0 (f) - V ,(/)] ° 


(12-31) 


"'here Z 0 is the impedance of the transmission line used in the TDR experiment. 
One way to estimate the input impedance would have been to apply an identi¬ 
fication technique to Eq. 12-30 and substitute the result in Eq. 12-31, but in 
Reference 53, the rightmost expression in Eq. 12-31 was used to estimate the 
'mpedance directly. The difference between v 0 (r) and v,(/) was taken to be the 
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measured input to the unknown system, and their sum was taken to be the output 
The estimated model is, of course an estimate of Z a {f) The open circuit voltage 
records are shown m Fig 12 8(a) These records were preprocessed and their 
sum and difference were computed Impedance estimates were calculated using 
both frequency domain and time domain nonparametric methods and a para 
metric output error method The frequency responses of the three estimated 
models are shown m Fig 12 8(b) 

If the antenna is excited by an incident field, e,(i), and its output is the 
scattering voltage v,(f) then these two signals must satisfy the equivalent circuit 
shown in Fig 12 7(b) From this figure it follows that the effective height can 
be calculated by using the equation, 

H e {f) = [1 + Z„(/)]7X/) (12 32a) 

where 

Z„(/) = Z a {f)!Zr{f) (12 32b) 

and 

T(f) - V s (f)/E,(f) (12 32c) 

Because Z„(/) has already been estimated and Z,(/) is known, an estimate of 
Z„(f) is available but additional measurements must be made to estimate T(f) 
A transient scattenng experiment was conducted to obtain records of e (f) and 
i,(r) A probe placed m the ground plane of the EMTF was used to measure 
the incident field at that point Next, the probe was replaced with the test antenna 
and the output from the antenna measured The three procedures we used to 
identify the impedance are now applied to estimate the transfer function, T(f) 
These estimates, along with the estimates for the input impedance, are substituted 
into Eq 12 32 to obtain estimates of the effective height, the results being shown 
in Fig 12 9 Clearly, the three estimates are consistent with each other and can 
also be shown to be consistent with theory 53 
By the use of frequency scaling, scale model results are easily extrapolated 
to predict the responses of full scale devices to EMP If K is the scale factor 
(units of full scale length per unit model length), then the frequencies of the full 
scale model will be lowered by a factor of 1 }K t and of course, the lengths will 
be increased by a factor of K In particular. 


Zj a "(f) - (12 33a) 


and 
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(a) 



doma 2 'rt Antenna im P edance: ( a ) measurements, and (b) estimated models [(1) frequency- 
ln ivision, (2) FIR identification, and (3) sixth-order HR identification]. 
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Fig 12 9 Antenna effective height using three methods (1) frequency domain division (2) 
FIR identification and (3) sixth order !IR identification 

H, m (f) = K (12 33b) 

The procedures we outlined in this section are covered in much greater detail 
m Reference 53, for a comparison of scale model estimates to full scale test 
results for a ship, see Reference 54 

EMP Scale Model Testing and Estimation 

In this section, we will discuss the application of identification techniques to the 
problem of extrapolating an F 14 aircraft’s response to EMP from experiments 
performed on a scale model The main objective of this effort is to compare the 
predicted responses with measurements made on an actual aircraft The test 
performed on the scale model F-14 duplicated the measurements of external 
surface current and charge made on a full scale F-14 at the Air Force Weapons 
Laboratory’s horizontally and vertically polarized dipole facilities The ident! 
fication techniques described in Sec 12 1 were used to obtain transfer function 
models of the scale model's behavior 55 The objective is to scale these transfer 
functions and drive them with records of the excitations at the full scale Facility 
We limit our discussion to the estimation of a single transfer function 

The tests on scale models were performed at the EMTF described in Sec 
12 2 In these tests, the aircraft was placed m a particular flight configuration 
and instrumented with probes located at points of interest It was then excited 
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with a wave of the appropriate polarization and its response sampled and re¬ 
corded. After the data was preprocessed, an identification technique was applied. 
The frequency response of the model for one such configuration is shown in 
Ffr. 12-10. As in the tests described in the last section, a parametric method as 
well as frequency-domain and time-domain nonparametric methods were applied. 
This time, however, the results, although similar to each other, are not as 
consistent as they were in the other tests. This is because an aircraft is a highly 
complex structure and is much more difficult to model. Furthermore, the data 
records were noisier. 


Electromagnetic Object Identification 

In this section, we will discuss the identification of the parameters of a simple 
electromagnetic object—a dipole. Our purpose is to estimate the modes (“poles”) 
of the dipole and compare them with the ones predicted by the singularity 
expansion method. 8,56 

A 0.4-m, thin-wire dipole [Fig. 12-11(a)] was mounted on the EMTF ground 
plane and excited with a transient electromagnetic field. Its response was mea¬ 
sured by means of an electric-field probe mounted at its center and connected 
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Fig 12-11 Dipole response (a) experimental setup, and (b) modes 


directly to a sampling scope. Preprocessed versions of the excitation (scaled by 
0.01) and the dipole response arc shown in Fig. 12-12(a). These data were low- 
pass filtered by an antialiasing filter and decimated by a factor of two Further¬ 
more, they were obtained from an ensemble average of ten records. The spectrum 
of the response is shown in Fig. 12-12(b) The first two resonances appear to 
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be adequately excited, but the others are not and are probably badly contaminated 
with noise We should expect to be able to identify the first two easily, therefore, 
but to have trouble with the others because of the low signal levels 

The two algorithms we used to estimate the parameters were the recursive 
extended least squares (RELS) algorithm for ARMAX-equation error modeling 4 ® 
and the nonlinear least-squares (NLS) algorithm for output-error modeling 30 
Models were tried for several different orders and for several different starting 
points Many local minima were observed for orders ranging from 5 to 15 To 
obtain better starting points and, one hopes, to avoid converging to a nonglobal 
minimum, the least squares estimate given by Eq 12-23 was used as a starting 
point The recursive least-squares (RLS) algorithm was used to compute this 
estimate This algorithm was easily programmed to run on a small minicomputer 
at the EMTF, but the more complicated RELS and NLS algorithms required a 
larger machine 

Order tests performed with the RLS algorithm revealed that either a twelfth 
or fifteenth order model contained approximations to most of the theoretically 
predicted resonances and provided reasonable fits to the data Furthermore, the 
prediction-error sequence satisfied a statistical test for whiteness We decided 
that an ARMAX( 15,12,0) model estimated with RLS was a reasonable starting 
point for the RELS and NLS algorithms 

The RELS and NLS algorithms were applied to the data records with the 
starting point provided by RLS The RELS algorithm was used to estimate an 
ARMAX(15,12,2) model, and the result, according to the final prediction error 
criterion, was found to be superior to the model estimated with RLS Similarly, 
an output error model, with M a — 15 and M b — 12, was estimated with NLS 
The identified response and spectrum are shown m Fig 12-13, the fits are 
reasonable The identified parameters were transformed to the continuous do 
main, and estimates of the poles were calculated by the impulse-invariant trans¬ 
formation method 19 

Tesche 56 has calculated theoretical values for the poles of a dipole, these 
results are dependent on both its length and its diameter and are typically nor¬ 
malized to remove the effects of the former Table 12-1 shows the theoretical 
and the estimated poles Since the response ts measured at the center of the 
dipole, only the odd numbered poles in References 51 and 52 are excited It is 
clear that neither algorithm gives good estimates of the damping factors (real 
part of the poles) This result is not unexpected because the amount of data m 
a transient signal is limited Both algorithms perform much better on the fre¬ 
quency estimates (imaginary parts) and are even able to extract some of the 
higher frequency resonances We conclude that, for a simple object such as a 
dipole, the singularity-expansion method coupled with the appropriate identifi¬ 
cation technique can be a useful tool for evaluating transient responses 



5.0 



Fig. 12-13. Identified dipole response: (a) temporal, and (b) spectra. 
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Table 12-1. Dipole Resonance Identification 
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12.3 CONCLUSIONS 

We began this chapter with a discussion of several practical problems in inter 
preting data from transient electromagnetic experiments This discussion moti 
vated our definition of the electromagnetic estimation problem We then showed 
that this problem could be placed in a system identification context, and we did 
this following the same general structure used by Ljung 13 14 46 Next we presented 
some of the most useful techniques for solving the electromagnetic-estimation 
problem We argued that preprocessing the data to prevent aliasing, to remove 
distortions, and to provide an optimal sampling rate was a entical first step 
before applying any technique to model the test object We then presented some 
of the most popular modeling approaches, including both frequency domain and 
time domain nonparametnc methods as well as parametric methods for difference 
equation models 

From the results presented in this and the subsequent chapter, we conclude 
that simple ordinary difference equation models appear to be adequate for simple 
electromagnetic structures such as cylinders, spheres, slabs, or dipoles, but not 
for highly coupled, complex structures such as ships or aircraft Very little work 
has been done to understand EMP behavior by identifying more sophisticated 
models (such as ones using partial differential equations) In the ideal situation, 
the researcher would develop a model using Maxwell's equations, design an 
experiment to excite the significant modes of the test object and then use a model 
based identification algorithm to estimate the parameters m his model 4 * SM ’ 
Depending on the outcome, the model is then changed until an adequate one 
evolves Such an approach has been taken for complex mechanical parts subjected 
to vibration tests 12 

One problem with model-based estimation techniques is that the numerical 
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methods used to minimize whatever criterion function is selected may need to 
be very sophisticated and the computational load may be quite high. In the case 
of electromagnetic systems, the complexity of the minimization problem de¬ 
pends, of course, on the model set that was selected. For example, the singularity- 
expansion theory leads to identification methods for ordinary difference equa¬ 
tions, but one approach to modeling the test object as a distributed system (i.e., 
as on object that satisfies a partial differential equation) leads to algorithms based 
on state-space models. 3,48 Obviously, the more complex the model, the more 
complex the algorithm to estimate its parameters. In principle, algorithms already 
exist to solve the electromagnetic-estimation problem for several classes of com¬ 
plex models. Unfortunately, however, many of the algorithms will prove to be 
insufficiently robust in practice to converge to a physically meaningful solution. 
Parameter estimation for more complex classes of models is currently an active 
area of research. In the future, as more computer power becomes available and 
the models are better understood, it is possible that robust, large-scale, model- 
based estimation algorithms that are applicable to the electromagnetic-estimation 
problem will be developed. 
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13.0 INTRODUCTION 

In Chap 12, the authors presented an overview of signal processing and iden¬ 
tification techniques applicable to transient electromagnetic data We call such 
considerations the “identification problem ” Their procedure makes use of a 
model and a strategy whereby the parameters of the model were adjusted to 
make it “close,” m some sense, to the electromagnetic process One strategy, 
for example, is to adjust the model parameters to make the output, >U)» from 
the model close to the output, >(/), from the process m the sense that the 
Euclidean norm of the error, j(r) - y(t), is minimized 

In the present chapter, vve will consider the possibility of determining certain 
physical characteristics of the electromagnetic process from transient data Spe¬ 
cifically, we ask the following question Can the model parameters identified 
dunng solution to the identification problem be transformed into parameters that 
classify the electromagnetic process'* We call these considerations the “classi¬ 
fication problem ” Solution to this problem has important application in fields 
as diverse as radar-target determination and geophysical exploration Indeed, the 
basics transcend electromagnetics and can be considered in a variety of disciplines 
dealing with experiments producing transient data 

As a simple example of the concepts, consider the transient backscatler from 
a perfectly conducting sphere of diameter £> Suppose the observables m an 
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experiment involving the sphere are a component, x(t), of the incoming electric 
field and a component, y(t), of the backscattered electric field. We preprocess 
x(t) and y(f), using the concepts in Chap. 12, to produce the input and output 
sequences, x{k) and y(k), respectively, where k = 1,2 ... ,K. As ai model of 
this example electromagnetic process, suppose we adopt the pole-zero (PZ) model 
in Eq. 12-19. Define a model parameter vector c that contains the model param¬ 
eters by 


c T — [a 0 a-i ■■■ bo b\ ■ b M ] (13-1) 

where T denotes “transpose.” Next, suppose that we identify the parameters in 
c by one of the techniques described in Chap. 12. The classification problem 
for this example can now be stated as follows: Given the identified model 
parameter vector c, find a transformation L such that 


Lc - D (13-2) 

where D is the sphere diameter. In this example, if the transformation L can be 
found, the classification is termed “complete” in the sense that the parameter D 
produced by the transformation gives all the information necessary to describe 
the object. 

A critical examination of the classification problem reveals many traps for the 
unwary. In the above example, we must recognize that certain a priori information 
has been assumed, namely, that the scattering object is spherical and perfectly 
conducting. Without this a priori information, classification with the parameter 
D loses its meaning. In addition, all experiments, real or computer-simulated, 
are carried out in the presence of noise, a fact that can have a serious effect on 
the accuracy of the identification of c, the existence of the transformation L, and 
the accuracy of the determination of D. Furthermore, the above example is 
simplistic. In actual application, most objects of practical interest are complex 
in both shape and constitution to a degree that complete classification is beyond 
the present state of both science and computation. 

In this chapter, we begin with a discussion of object features, emphasizing 
the difference between local and global descriptions. We follow with an in-depth 
treatment of complex exponential series identification, emphasizing identification 
with a difference equation model. We discuss in particular a nonlinear least- 
squares algorithm (NLS) designed for transient data. Next, we turn to ray-optic 
identification. Finally, we end with a discussion of the basic issues and some 
conclusions. 
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13.1 OBJECT DESCRIPTIONS 

Electromagnetic researchers studying transient phenomena are interested in in¬ 
teractions with a wide variety of objects To describe a particular object, we 
might consider such physical features as size, local curvature, permittivity and 
conductivity An electromagnetic transient interacting with the object cannot, 
however, measure most physical features directly We therefore seek divisions 
of object descriptions into classes compatible with specific electromagnetic prob¬ 
lem-solution methods One such division, described by Heyman and Felsen, 1 
distinguishes between “local” and “global” object features The local features 
are described by a ray-optic solution, whereas the global features are described 
by a complex resonance solution Heyman and Felsen 1 discuss this subject m 
quite general terms Here, we shall be content to develop these ideas in a 
canonical example considered by many authors 2 3 4 —the backscatter from a loss¬ 
less dielectric slab We begin by developing both the ray-optic and complex 
resonance solutions, follow this with a discussion of how the two solutions 
exhibit object descriptions, and conclude with a short discussion of the relevance 
of the solution methods to identification and classification 


Example: Normal Backscatter From a Dielectric Slab 

Consider a plane wave traveling in free space (Region 1) The wave encounters 
a dielectric slab (Region 2) of thickness d and dielectric constant z r (Fig 13- 
1), where incidence is perpendicular to the slab surface The slab is infinite in 
extent and backed by a perfectly conducting half-space This problem has vari¬ 
ations only in the z-coorclinate direction Putting the relationships, d/dx = 3/ 
d) — 0, in Maxwell’s equations and assuming that the plane wave is linearly 
polarized with the electric field in the x-direction, we obtain, with the exp(iwi) 
time convention, the following well-known description 5 of the total fields m the 
two regions 


H fi 

En 


~ e a + pe’ ,fa 

(13-3) 

= I dE x] 

ibr] 0 dz 

(13-4) 

= A?e ,ft + Aie'V’ 

(13-5) 

H 

1 

lb 

03-6) 
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Fig. 13-1. Dielectric slab. 


where E xi and //„■ (i = 1 or 2) are the x-component of the £-field and the y- 
component of the //-field, respectively, in Regions 1 and 2. In addition, the 
wave numbers, k and (3, and the intrinsic impedances, ^0 and t], are defined by 


k = 

CO 

(13-7) 


c 


P = 

2 = k4' 2 

(13-8) 


V 


% = 

120tt 

(13-9) 

•n = 

To 

0 l/2 

(13-10) 


where k is the wave number in free space; (3, the wave number in the dielectric 
slab; c, the phase velocity in free space; v, the phase velocity in the slab; e r , 
the dielectric constant of the slab; T| 0 , the intrinsic impedance of free space; and 
"n, the intrinsic impedance of the slab. The coefficients p, A 2 + , and Af are 
determined by application of the boundary conditions, namely, the continuity 
of tangential electric and magnetic fields at 2 = 0 and the vanishing of the 
tangential electric field at 2 = -d. The result for the reflection coefficient, p, 
is as follows: 


P(m) = 


R + g ~ n iM 
1 + Re~‘^ d 


(13-11) 


where 


R = 


1/2 

c r 


- 1 


P 1/2 
c r 


+ l 


(13-12) 
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Equation 13-3, when used in conjunction with Eqs 13 7 through 13-12, gives 
the total electric field, £,,(c,w), in the frequency domain extenor to the dielectric 
slab This formulation can be transformed to the time domain as follows Let 
/{/) be the input transient signal and F(o>) its Founer transform The electric 
field, e*i (2 /), in the time domain is then given through multiplication of Eq 
13-3 by the input spectrum, F(w), followed by an inverse Fourier transformation, 
viz 

e,,(r I) a “ £ FMEAz.uV'** (13-13) 

Substitution of Eq 13-3 into 13-13 gives 

~ 

where 

git) = ~ £ F{co)p(w)e'“'dw (13-15) 


) + *(' “ «) 


(13-14) 


The first term on the right of Eq 13-14 ts the incoming wave, which is the 
total field that would be present in the absence of the slab The second term 
contains the scattering effects caused by the slab These effects can be determined 
by performing the inverse transform indicated in Eq 13-15 This transform can 
be accomplished by two different methods In the first method, the reflection 
coefficient is expanded in a geometric series and the inverse transform taken 
term by term The result is the ray-optic form of solution In the second method, 
the complex w plane singularities of the reflection coefficient and the input 
spectrum are determined and the inverse transform performed by contour-inte¬ 
gration techniques The result is the complex-resonance form of solution The 
details follow 

The Ray-Optic Solution. Consider the reflection coefficient, p(oi), given by 
Eq 13-11 Note that since R < 1, we must have |f?exp( —i2(k/| < 1 We there¬ 
fore can expand Eq 13-11 m a geometric senes, viz 

p{w) = - /? + (1 - R 2 ) 2 j?--t e -Mt* 

L n | 


(13-16) 
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We substitute Eq. 13-16 into Eq. 13-15 and note that the inverse transform can 
now be performed immediately term-by-term in the summation. Substitution of 
the result into Eq. 13-14 gives the electric field as follows: 


- - 2n~) (13-17) 

c vj 

where 

T, = 1 + R (13-18) 

r 2 = 1 - R (13-19) 

Equation 13-17 is the ray-optic solution for the dielectric slab. The terms on 

the right-hand side can be described as follows: The first term is the incoming 
pulse; the second, the pulse reflected from the front face of the dielectric (a = 0). 
The third term consists of an infinite summation representing successive reflec¬ 
tions from the back face of the dielectric (z = -d). A significant feature of 
this solution form, provided that f(t ) = 0 for / < 0, is that the series can be 
truncated after N terms and still give the exact answer for t < zlc + 2Nd/v. 

The Complex Resonance Solution. To obtain the complex-resonance so¬ 
lution, we again consider the inverse transform in Eq. 13-15. Rather than expand 
the reflection coefficient in a series as was done in the ray-optic solution, we 
seek the solution by the calculus of residues. 

To begin the procedure, we first note that it is not possible to obtain information 
on the complex resonances at the observation point until after the arrival of the 
transient signal from the back face of the slab (z = -d). This fundamental fact 
leads us to seek the complex resonance counterpart to the ray-optic solution only 
for the time, t > zlc + 2d/v. For earlier times, the two solutions will be identical. 
Indeed, in Eq. 13-17, it is the third term that will be expressed in complex- 
resonance form. 

We multiply Eq. 13-3 by the spectrum F{ co) of the input pulse and obtain the 
following; 


M =/' + :-M' 


TJ 2 2 (-RY-'flt 


Ert(z,w)T(w) — F(u>)e lfcr + F(co)p(co)e 


(13-20) 


where p(co) is given by Eq. 13-11. We separate the reflection coefficient in Eq 
13-11 into two terms as follows: n 
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where 


p(<o) = -R + pM 

p(co) - 

1 - R 2 

Po(w) i + R e ~™ 


(13-21) 


(13-22) 

(13-23) 


Substitution of these results into Eq 13-20 yields the following 
£,,(2 co)F(io) « £(w)e'* 2 - RF( io)e~' fa 4- pa(w)f((i))e- ,(b+2M (13-24) 

The inverse Fourier transform of Eq 13-24 gives the following 

*,(..)+ $ 03-25, 

where 


g{!) = ~ J ^ £(w)po(u)V M, d(o 


(13-26) 


Consider the integral m Eq 13 26 around a closed contour C (see Fig 13- 
2), which consists of the interval ( — a,a) along the real axis and a semicircle, 
C a , of radius a through the upper half of the co-plane By the basic theorem of 
the calculus of residues, 6 if E(co)p(to) is analytic within and on the closed contour, 
except at a finite number of singular interior points, then 


fc 


£(w)pa((o)c'“'doj = 


N 

2m 2 Res(£(co)p 0 (co) oj„] 

I 


(13-27) 


= J £(to)po(co)c““ , dco + 


f £(co)p 0 (co)e to Wco (13-28) 



Fig 13 2 Contour to evaluate Eq 13 26 
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where Res[/(z),a] symbolizes the residue of/(z) at z = a and where the sum 
is over the residues at all poles enclosed by contour C. Equation 13-28 indicates 
the division of closed contour C into the real-axis and semicircular segments, 
respectively. 

Consider the singularities of p 0 (w). By equating the denominator equal to zero, 
we find that the singularities occur as follows: 


co„, = ^ [(2m + 1 )tt - /(In R )] (13-29) 

2d 

where m = 2,-1,0,1,2, ... . Since R < 1, In R is negative. Thus, 

all the singularities of p 0 (co) occur in the upper half-plane along a line parallel 
to the real axis and symmetric about the imaginary axis. The contour in Fig. 
13-2, being of finite radius a, encloses a finite number of singularities, as required 
by the theorem. In addition, we may show that the singularities are all simple 
poles.' The proof, being straightforward, is omitted. 

Consider the singularities of F («). For definiteness, we assume for the forcing 
function the well-known double exponential pulse, 


f D (t) = «(/)(e _a i' - e“ B *) (13-30) 

where a, and a 2 are both positive. To simplify the analysis here, we investigate 
the single exponential as follows: 

f{t) = H(t)r" (13-31) 

where a > 0. The response to the double exponential can then be obtained by 
linearity. The Fourier transform of Eq. 13-31 is 


F( co) = 7 


1 


/(u> — /a) 


(13-32) 


We observe that F(w) has a simple pole on the positive imaginary axis. 

We may now produce the complex-resonance form of solution by the followine 

~ 0t£ ^ m thC Hmit 35 G “ the first inte g™l in Eq. 13-28 is 
2 *8(0- Taking the limit in Eq. 13-26, we have 


g(0 /Res[F(w)pn(w)e'“',ia] + / ^ Res[F(co)p 0 (co)e' w ,w„] 

n— 1 


(13-33) 
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where the summation is over the residues at all the poles of p 0 (w) Equation 13- 
33 is true provided that 


hm f F(w)p 0 (w)e'“'doi = 0 (13-34) 

a —*35 Cq 


Note m Eq 13-21 that as a ®, |p(u>)| is bounded Also, in Eq 13 33, (F(w)j < 1/ 
jw| Equation 13 34 therefore meets the requirements of a well-known theorem, 8 
and the integral vanishes (We notice that the magnitude of the reflection coef¬ 
ficient, p(w), does not vanish on the semicircle as a and therefore the 
vanishing of the integral along C a depends totally on the behavior of the forcing 
function If, for example, the forcing function were 8(r), F(o>) would equal 1 
and the integral would not vanish Indeed, it can be shown that the inverse 
transform does not exist for F(w) — 1 except in the distributional sense This 
result is expected, since it is apparent from Eq 13-17 that the ray-optic solution 
for the delta function forcing function is a train of delta functions ) 

The final steps in the complex-resonance solution are the evaluation of the 
residues in Eq 13-33, followed by substitution of Eq 13-33 into Eq 13 25 
The result is as follows 


^,(2 t) = e - a(,+z,c > u(t + Re~ a{ '-* ,c > u^t - ^ 

- (. - - fjs(, - | - f) 


(13-35) 


where — ( 2 /c) — (2d!v)) is the complex-resonance contribution given by the 
following 
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iw n t 


a + rco„ 
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1 + Re 2aav 


(13-36) 


Equation 13-35 is the complex resonance solution for the dielectric slab The 
terms on the right side of the equation can be interpreted as follows The first 
term, nonzero for 1 > — 2 /c, is the incoming wave The second term, nonzero 
for r > 2 /c, is the wave reflected from the front face of the slab The third term, 
nonzero for 1 > z!c + 2d!v, contains two pieces, given by Eq 13-36 The first 
piece is an infinite sum of complex exponentials containing the complex reso¬ 
nances of the slab The second piece is a decaying exponential representing the 
contribution of the forcing function pole 
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Comparison of Solutions. We now have a description of the ray-optic 
solution (Eq. 13-17) and the complex-resonance solution (Eq. 13-35). The so¬ 
lutions are identical until r = zlc + 2 dlv, at which time the observer first senses 
the response from the back face (z = -d) of the slab. For t > zlc + 2 dlv, the 
two solutions, although yielding the identical answer, are dramatically different 
in form. In the ray-optic form (Eq. 13-17), each successive term in the summation 
adds a response containing a particular reflection from the back face. For ex¬ 
ample, if we specialize Eq. 13-17 to the exponential input form (Eq. 13-31) and 
truncate the series after the term, n = 1, we have 

- u(t - = - - 2 / 

This expression is exact for t < zlc + 4 dlv. With each successive reflection 
from the back face, there is one more term added from the general summation. 
There is no corresponding behavior in the complex-resonance form (Eq. 13-35). 
Indeed, for any time, t > zlc + 2dlv, the entire series is required for an exact 
solution. 

We point out that the complex resonance solution in Eq. 13-35 is, in fact, a 
hybrid solution, where the terminology is that of Heyman and Felsen. 1 Note that 
for early times, the solution is ray-optic, and for later times, complex-resonance. 
This distinction becomes crucial in the transient identification to be considered 
later in this chapter. 

We shall next discuss how object features emerge differently in different 
solution forms. We shall use the ray-optic and complex-resonance forms for the 
dielectric slab to illustrate the concepts. 


(13-37) 


Object Features in the Scattered Field Solutions 

Consider the following realization of the dielectric slab: Let the input pulse,/(f), 
be the double exponential defined in Eq. 13-30, with a, = 10 7 and a 2 = 10 8 ' 
This choice of parameters produces an input (see Fig. 13-3) with a 13.4-ns 
risetime and a 135-ns falltime (measured at the point where the signal has 
decreased to 1/e compared to the peak). Let the slab be 5 m thick with a dielectric 
constant, e,, of 5.5. Using the ray-optic formulation (Eq. 13-17), we obtain the 
total field when z = 12 m (see Fig. 13-4), a result that graphically displays the 
multiple reflections from the slab. In particular, note that we have referenced 
time so that the value, t = 0, corresponds to the time the initial pulse passes 
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Fig 13 3 Input double exponential pulse, a, = 10 7 , a 2 = 10®, 1024 samples, Af - 8 494 
x 10~'° see 




Fig. 13-4. Total field; z = 12m, d = 5m, e r = 5.5; 1024 samples; At = 8.494 x lO' 10 


sec. 
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the observer The first discontinuity in slope occurs at the value, t ( = 80 ns, 
when the reflection from the front face (z ~ 0) arrives back at the observer 
The time /, is calculated by dividing the round trip distance (24 m) by the phase 
velocity in free space (3 X 10 s m/s) The second discontinuity in slope occurs 
at the value, t 2 = 158 ns, when the reflection from the back face (z = -5 m) 
arrives back at the observer The time t 2 is calculated by dividing the round trip 
distance in the slab (10 m) by the phase velocity in the dielectric and adding t, 
Subsequent reflections arrive at the observer every 78 ns, or 

t„ = 80 + (n - 1) X 78 (13-38) 

where n = 1,2, and t n is measured in nanoseconds 
Although the preceding calculations are straightforward, we now take the 
inverse point of view Indeed, we now inquire if we can reconstruct the object 
features from the input and output waveforms as given m Figs 13 3 and 13 4, 
respectively In particular, we attempt to find the observer distance, h from the 
slab front face, the slab dielectric constant, e t , and the slab thickness, d We 
consider both the ray-optic and complex resonance solutions 


Object Features from Ray-Optics. The characteristic feature of the ray- 
optics solution (Eq 13-17) is that sequential consideration of the terms is equiv¬ 
alent to sequential time consideration By noting the time of arrival of the first 
reflection, 1 ,, we have the location h of the slab front face with respect to the 
observer This result is nothing more than that which is normally obtained in 
radar ranging We next consider the solution after the arrival of the reflection 
from the front face but before the arrival of the reflection from the back face 
For this time period Eq 13-17 gives the following 

e,.(z.») =(13-39) 

which is exact until the back-face reflection arrives Note that this solution would 
be the total solution if the slab were infinite in thickness Note also that we have 
normalized time so that the value, t = 0, corresponds to the arrival of the initial 
pulse at the observer Since we have taken the point of view of the data collector, 
we know the field e xi {z,l) at the observation point In addition, w r e know the 
input pulse,/{/), and the distance of the observer from the front face We may, 
therefore, solve Eq 13-39 for the coefficient R We then substitute Eq 13-12 
and solve for the dielectric constant, with the result. 
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/(' ^ 7) - /w - ! 

f(t ~ ^ - fO) + e xl 


(13-40) 


This determination of the dielectric constant, e r , not only gives us a parameter 
we were seeking but also gives us the phase velocity, v, in the slab. We next 
measure the time elapsed, A t, between the reflection from the front face and the 
first reflection from the back face. The final parameter d is then given by the 
equation, d = vAr/2. 

We should comment that the appearance of the time variable in Eq. 13-40 is 
deceptive. Since s r is a constant, we would expect to obtain the same value of 
dielectric constant regardless of the point in time where the measurement is 
made, provided we operate in the time range of validity in Eq. 13-39. This is 
indeed the case, provided that the system is noisefree. Certainly the signal-to- 
noise ratio will affect the accuracy of the result in a real measurement. 

Object Features from Complex Resonances. In the above discussion 
of object features from ray-optics, we commented on the time-sequential nature 
of the solution. With the arrival of the return from the back face of the slab, 
this time-sequential characteristic disappears in the complex-resonance solution 
form. Indeed, the solution for t > z/c + 2 d/v contains a series of particular , 
as given by Eq. 13-29. Provided we can determine oj„,, we shall now show that 
we can solve for the object characteristics, e r and d. We separate Eq. 13-29 into 
its real and imaginary parts, viz: 


Ke(w m ) = ^(2 m + 1)tt (13-41) 

= ~\n R (13-42) 

We treat Eqs. 13-41 and 13-42 as two equations in the two unknowns, e r and 
6 ' Dividln § E q- 13-42 by Eq. 13-41 and solving for/?, we obtain the following: 


ft = e ~(2m+ l)-tan & m 


where 


(13-43) 


tan A„, 


Re(u> m ) 


(13-44) 
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Substituting Eq 13-12 into Eq 13-43 and solving for e r , we have the following 
e r = ctn h 2 [{2m + l)r tan A m ] (13-45) 

Once e r is known, substitution into Eq 13-41 yields the slab thickness d The 
problem of determination of the parameters that classify the slab has now been 
solved, provided we can find the complex resonances, w m Indeed, for the slab, 
a determination of w m for a single value of index m is sufficient 

To attempt to determine the complex resonances, we shall examine the solution 
form in the frequency domain with careful attention to what is measurable and 
what is assumed known m an experiment In Eq 13-24, the term on the left 
side is the Fourier transform of the data that would be obtained m an observation 
at a point exterior to the slab The first term on the right is the incident field 
and is assumed known The second term on the right is the reflection from the 
front face of the slab The final term is the term containing the complex reso¬ 
nances In the time domain, this contribution begins at the value, / = zlc + 2d! 
v We rewrite Eq 13 24, isolating the complex resonance term as follows 

£^U,w)F(6j) - F(fa)e ,kz + RF{u>)e~ ,k! = p 0 (o))F(w)c" <tr+2 ^ ) (13-46) 

The left side of Eq 13-46 represents new data obtained by subtracting the incident 
field and the front face contribution from the original data We interpret this 
new data as the output C?(<o) from a single-input, single output linear system 
with F( w) as the input (see Fig 13 5) We have 

G(w) — po (13-47) 

where 

t = - + — (13 48) 

C V 

We remark that G(w) is not observable in practice for two reasons First, there 
is always noise present Second, the experimental equipment is always bandlim- 
ited We shall consider the noise problem in detail in a subsequent section and 
shall ignore it for the present Concerning the bandwidth limitation of the mea- 



G(w) 


Fig 13 5 Single Input single output linear system 
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surement, we model the effect by a filter T{ <■>) and obtain a filtered version G/co) 
of the output, given by 

G f { co) = poMFMIMr- (13-49) 

We define the system transfer function, //(co), as G/(cn)/F(co) and obtain 

//(co) = p 0 (w)r(co)e _ '" T (13-50) 

To complete the analysis, we choose for F(co) a first-order Butterworth filter 
given by 


F(co) = —— (13-51) 

CO 

1 + l— 

0) c 

We substitute Eq. 13-51 into Eq. 13-50 and, using the contour integration tech¬ 
niques previously described, take the inverse Fourier transform with the result 
that 


where 


h(t) = 2 R " eV + R f e-^ (13-52) 

n = —o= 


(1 - R 2 )v to c 
2d((j) c + s n ) 


(1 - R 2 )v co. 


^ 2d co,Vv 


+ 1 


(13-53) 

(13-54) 

(13-55) 


In Eq. 13-52, we have taken the inverse Fourier transform of the system transfer 
function, //(co). The result, h(t), is called the impulse, or delta function, response 
of the system. We note that, since p D (co) fails to vanish on C a as a -» the 
convergence of the complex exponential series is controlled by the system band¬ 
width limits, in this case modeled by the 1/jcoj asymptotic characteristic of filter 
F(co). Each term in the series contains a specific complex resonant frequency, 
In addition to the series, Eq. 13-52 contains a term representing the con¬ 
tribution of the filter pole. The identification problem can now be stated as 
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follows Given data h(t), find the residues R n and fyand the resonances s n and 
« c If this can be accomplished, the classification of the slab by complex res¬ 
onance methods is complete 

Relevance to Identification and Classification. In this section on “Object 
Descriptions,” we have used the dielectric slab as an example to illustrate the 
two solution forms, namely, ray-optic and complex-resonance In the ray-optic 
solution, we showed that identification of certain transit times led to the clas¬ 
sification of the slab by the parameters, E r and d In the complex-resonance 
solution, we showed that identification of the complex-resonant frequencies, u>„, 
led to the determination of E r and d and thereby classified the object 
It should be noted, however, that no method was proposed to identify the u>„ 
It has only been suggested that the relevant parameters be somehow identified 
by “fitting’ data h{() in the complex exponential series m Eq 13-52 This 
identification problem will be considered m detail m the next section 

As a postscript of this section, we pointed out several crucial factors inherent 
in the development it has been implicitly assumed in the discussion that we 
know the geometric form-factor as a prelude to classification Indeed, the pa¬ 
rameter-identification procedure can proceed m ignorance but the classification 
problem cannot It is important to stress this distinction because it has far-reaching 
consequences in application to inverse problems such as target determination 
and geophysical remote sensing In the ray-optic case, we were able to identify 
certain transit times from an examination of the data In order to interpret the 
times physically, however, it was necessary to assume that the data came from 
scattering from a slab Once we made this assumption, we were able to determine 
the slab parameters In the complex-resonance case, we could proceed with the 
identification of the complex-resonant frequencies by fitting the data to an ex¬ 
ponential series This could be done with no knowledge of the form factor 
(Indeed this fitting problem will be considered in the next section with no regard 
lo the physical nature of the problem ) Once the to„ have been determined, 
however, it becomes necessary to use Eq 13-29 to proceed with the slab clas¬ 
sification 

13.2 EXPONENTIAL SERIES IDENTIFICATION 

The result in Eq 13-52, where the delta-function response is expressed by an 
exponential senes, is not unusual in wave scattenng Lax and Phillips' 0 have 
shown that for the scalar wave equation, classical scattenng from objects of 
finite extent with the Dinchlet boundary condition is, with certain restrictions, 
a meromotphic function of complex frequency. By the MiUag-Leffler theorem, 11 
this result means that the scattered field is given by a sum over poles representing 
the complex resonances of the scatterer plus an entire function The inverse 
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transform of the pole series is a complex exponential series. The Lax and Phillips 
result has been extended by Marin 12 to the vector electromagnetic case for 
perfectly conducting objects of finite extent. A notable outgrowth of these the¬ 
oretical results has been the success of the Singularity Expansion Method (SEM), 
proposed by Baum 13 and discussed in depth in a special issue of Electromag¬ 
netics .' 4 Because the exponential series occurs naturally in large classes of 
problems, it is logical to inquire if the parameters that describe the series can 
be identified from experimental data. It is also important to determine what role 
the entire function plays in the description of the scattered field. 

Exponential modeling is not a new subject, but it remains an elusive one for 
the following reason: Mathematically, the series has no “nice” characteristics. 
The terms are not orthogonal over any interval, nor do they form a basis for any 
complete linear space. It is therefore difficult to say anything about mathematical 
convergence and difficult to obtain a “feeling” for numerical convergence. The 
series, however, is so important physically, certainly even beyond electromag¬ 
netics, that we persist in its study. 

In this section, we consider the identification of the parameters in the expo¬ 
nential series. We begin with a description of difference-equation models and 
show their relation to the exponential series. We next briefly display the models 
in the format of modern system identification. We follow with a description of 
a nonlinear least-squares algorithm that we have used with some success in 
exponential parameter identification and give some examples of its use. Finally, 
we point out some of the difficulties in making the bridge between exponential 
identification and object classification. 


Difference-Equation Models 

InEq. 13-52, we found that the delta-function response was given by a complex 
exponential series. Since Marin 12 has shown that this result generalizes to a wide 
class of electromagnetic scattering problems, we now investigate in some depth 
the determination of the parameters in the exponential series. 

Consider the following model of the delta-function response: 

N 

h{t) = 2 Rne s ”' + eft) (13-56) 

1 


" ere eft) is an error term arising from three sources. First, the scattering 
Problem may not be completely modeled by an exponential series. Such is 
he a '; J C3Se w ^ en an en l' re function is present. Second, in our application 
^ i(f) is not the output from the model but from the actual electromagnetic 
VC£SS anci therefore must contain errors (measurement error, for example). 
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Third, the order of the exponential senes has been truncated to N and is therefore 
an approximation to the infinite-order complex exponential series 
The identification problem is now stated as follows Given input datax(t) and 
output data >(t), identify the residues, R n , and the poles, s n , in the delta function 
response, h(t), such that the error is minimized in some sense As discussed by 
Dudley, 1516 this problem can be cast in a form compatible with modem system 
identification, where difference-equation modeling of linear systems is a well- 
understood technique Consider the difference equation described in the previous 
chapter (Eq 12-19) and repeated here for convenience, viz 

N At 

2 a«y(A — n) = 2 Kx(k ~~ «) + e(k ) (13-57) 

n-0 «-1 


where y(i), x(A), and e(k ) are sampled versions of y(t), x(t), and e(t), re¬ 
spectively By convention, we have suppressed the sampling interval T That 
is, y(k ) is actually y(kT) Taking the z-transform of both sides of Eq 13-57 
gives 


N M 

Y{z) 2 °nZ~ K = X(Z) 2 t> n z~ n + E(z) (13-58) 
0 


where X(z), T(z), E(z) are the z-transforms of x{t), y(/), and e(l), respectively 
We define the system-transfer function, H(z), thus 

HU) - jU (13 59, 

and obtain the following 

M 

S b n z' n 

H(z) = - + E(z ) (13-60) 

2 a » z ~” 
n *=0 

where the tilde in the error term indicates its alteration during the cross-product 
operation Equation (13-60) is a quotient of two polynomials in z"', with an 
added error term Using standard methods, 15 we factor the denominator poly¬ 
nomial into its roots, perform a partial fraction expansion, and take the inverse 
z transform to obtain the exponential senes. 
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h(k) = 2 R n e s,,kT + *(*) ( |3 ' 61 ) 

n — 1 

where T is the sample rate. Note that Eq. 13-61 is simply a uniformly sampled 
version of Eq. 13-56. The identification problem can now be reformulated as 
follows: Given input data x(k) and output data y(k) from a transient electro¬ 
magnetic process, identify the residues, R„, and poles, s„, in Eq. 13-61 by the 
following steps: 

1. Identify coefficients a„ and b„ in the difference equation, Eq. 13-57. 

2. Using the identified coefficients, factor the denominator polynomial in Eq. 
13-60 and perform a ‘partial fraction expansion. 

3. Take the inverse 2 -transform to produce /?„ and s„ in Eq. 13-61. 

Since this procedure contains many possibilities for error, 15 it is crucial that 
the first step, the identification of the coefficients in the difference equation, be 
done accurately. This point is discussed at some length in the previous chapter. 
Its consideration has led to the construction of an algorithm to be described 
shortly. 


Modern System Identification 

The ideas inherent to difference equation modeling discussed in the previous 
section can be cast in the form of modern system identification. Define the time¬ 
stepping operator, q ~ l , by 


q-'x(k) = x(k - 1) (13-62) 

Define the polynomial stepping operators, A, B, C, D, and F, based on this 
time-stepping operator. Typically, 


"a 

A (<T') = X a n q~ n (13-63) 

n = 0 

We lntr °d u ce the generalized difference equation model of Ljung and Soder- 
strom, 17 given by the following: 


Mq-')y(k) 




x(k) + 


C{q-') 

D(q~ l ) 


e(k ) 


(13-64) 
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This model contains most of the well known single-input, single-output models 
as special cases We consider only two, the equation error model and the output- 
error model For more general discussions, the reader is referred to Ljung and 
Soderstrom 17 

The equation-error model is obtained from Eq 13-64 by setting C = D = F = 1 
to give the following 

Ay(k) = Bx(k) + e(k) (13-65) 

A special case of Eq 13 65 occurs when x{k ) is the delta function Dudley 15 
has shown that this case is actually Prony’s method, as discussed in the previous 
chapter 

The general output error model is obtained from Eq 13 64 by setting A = 1 
so that 


y{k) - f x{k) + ~ e[k) (13-66) 

r u 

The sequence, e(k), is assumed to be white noise The first term on the right 
of the equation models the input output relationship and the second term models 
the disturbances Note that unlike models that use the A polynomial, the output 
error model handles these items separately Consequently, the output error model 
is robust in the sense that if B and F are of an order at least that of the actual 
system, then even if the noise model is incorrect, the technique we will discuss 
will yield estimates of these polynomials that converge (as the amount of data 
becomes large) to values that include, respectively, the zeros and poles of the 
actual system as factors 17 

There are good reasons for assuming that the noise is white and appears only 
at the output The output-noise assumption is reasonable because usually the 
exciting signal used in transient electromagnetic experiments is usually high- 
amplitude and completely dominates any measurement noise The whiteness 
assumption is reasonable because the data js usually collected by a sampling 
oscilloscope or similar device so that each sample in a data record is obtained 
from a different repetition of the same experiment Under this assumption, the 
model becomes the following 


}'U) = ? x(k) + e{k) (13-67) 

F 

The obvious way to fit this model to the data is to substitute the observed 
data records, (r(i)] and [>(&)]• into Eq 13 67 and use an optimization algorithm 
to minimize the cost function, V. given by the following 
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V = 


K 


2 « 2 (*) 


(13-68) 


over the coefficients of B and F. If the actual disturbance term is Gaussian and 
white and the degrees of B and F are those of the actual system, then minimizing 
Eq. 13-68 yields the maximum likelihood estimates of B and F. 18 Maximum- 
likelihood estimates are attractive because they are consistent (i.e., the estimates 
converge to the actual values as the amount of data gets large) and asymptotically 
efficient (i.e., they have the lowest variance among the class of consistent es¬ 
timates). 19 

If the noise is not white, maximum-likelihood estimates can be acquired by 
using a noise model as in Eq. 13-66. Another approach, however, seems more 
suited to transient problems. Records of the noise alone are obtained by collecting 
data at the output with the excitation system turned off. One of the techniques 
discussed in the previous chapter is used to obtain an estimate of the noise 
spectrum, ^(cu). A “prewhitening” filter with magnitude response, 4><T' 5 («), is 
then applied to both the input and output records of the transient experiment. 
Because both records have passed through the same filter, the input-output re¬ 
lationship has not been altered, but the noise has become white. If the polynomial 
degrees and the estimate of the noise spectrum are correct, then by fitting Eq. 
13-67 to the filtered data we obtain maximum-likelihood estimates in the Gaussian 


noise case. Even in the non-Gaussian case, this prefiltering should reduce the 
variance of the estimates. 

To avoid possible confusion, we wish to point out that maximum-likelihood 
identification is often associated with the ARMAX model of the last chapter. 
However, the phrase “maximum likelihood” applies only if the actual model is 
of this form. We have argued that output error models are more suitable for our 


purposes, and this has been verified by many simulations. Note that in Eq. 12- 
25 both noise and input signal pass through the system poles given by the A 
polynomial. If we fitted this model to a system whose actual form was given by 
Eq. 13-67, then both the A and the C polynomials would converge to F, and 


we would have a nonparsimonious representation of the actual system. Conse¬ 
quently, the parameter estimates obtained from the ARMAX model will have a 
higher variance than if the correct model were used. Unfortunately, although 
die error sequence in Eq. 13-67 is a linear function of the coefficients of B, it 
is a highly nonlinear function of the coefficients of F, and minimizing Eq. 13- 
68 is a difficult nonlinear least-squares problem. The approach we will discuss 
is the result of a considerable amount of experimental effort by ourselves and 
several colleagues at the Lawrence Livermore National Laboratory. The con¬ 
clusion to which our experiments point is that the nonlinear method is superior 
to any of the several other methods we have tried. In the next section, we will 
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discuss our algorithm, and, m the following section, we will discuss its use A 
more thorough discussion is contained by Goodman 20 


The Nonlinear Least-Squares (NLS) Algorithm 

For notational convenience, we define the parameter vector, 

0 m - I/ m (l), 0). ,b„(J)) T (13-69) 

where the subscnpt gives the number of the iteration and integers ! and J are 
the orders of F and B respectively Because /(0) is fixed at 1, it is not included 
in 0. As a function of 0, Eq 13 68 becomes 

V«U = £ e 2 „(k) = £ [>'<*) - U*)] 2 (13-70) 

*=1 i=I 

where [y(A)J is the output data record and [>„((:)] is the output of the model 
when it is driven by the input record, l e , 

) m (k) = ~x(k) (13-71) 

F 

The gradient of V(0) is the row vector. 


K 


VF(0) = -2 2 e(*)[W)I 

*= i 


(13-72) 


and Us Hessian is the matrix, 


k K 

V 2 V(0) = 2 2 tWWTO*)] - 2 2 e{k)[V 2 y(k)\ (13-73) 


Jk-1 


k~{ 


The first order sensitivity derivative, [Vy(A)J, is a sequence of row vectors whose 
components form the sequence [df>‘(A)/30 / ,J Similarly, the second order sen¬ 
sitivity derivative, [V J \(£)j, is a sequence of matrices whose (pq)'*' entnes form 
the sequence (AvaO^SO^] At first glance, the cost of computing [V"5(^)) 
appears to be of order K{! 4- J)' ,+t Fortunately, the cost for both sensitivity 
derivatives can be made linear m (/ 4- J), our discussion is based on Astrom 21 
Let the sequence [iv(A)] be the input to the difference equation, 
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u(k ) = w(k) - ^f(i)u(k - 0 (13-74) 

!=1 


where the output sequence [/<(&)] is computed with zero initial conditions. If 
[u B (k)] is the output for input [jc(k)]\ [u F (k)], the output for input [—y(fc)]; 
[u FF (k)], the output for input [-2u F (k)]; and [hfbWL the output for input 


l-n B (k)], then one can show that 

dy(k) 
dfd) 
dy(k) 
db(j ) 

^(fc) 

dfd)df(j) 

a 2 y( k ) 

df(i)db(j) 

d 2 y(k) 
db(i)d(b)(j ) 


u F (k - i ) 
z<s(£ ~ j) 

u FF (k - / - j) (13-75) 

u FB (k - i - j ) 

0 


If other more obvious simplifications are used as well, then the cost of computing 
both the gradient and the Hessian will also be linear functions of (/ + J). 

Most popular optimization algorithms use only the gradient because the cost 
of computing the Hessian is prohibitive, but the low cost for our Hessian led us 
to use Newton’s method. It is argued in Gill et al 22 that Newton’s method is 
superior if computing the Hessian is cheap; our own experience with minimizing 
1 ; (0) agrees with this finding. The classical iteration equation for Newton’s 
method is as follows: 


6m + l = 0m + d m (13-76) 

where 

dm = -[V 2 V(0 m )] _I [VV(e m )f (13.77) 

Because 7(6) is usually not convex, d m is not guaranteed to be a descent 
direction. In order to assure a descent direction, it is necessary to replace the 
Hessian with a matrix that approximates it but is positive definite. One method 23 
uses the following: 



480 TIME-DOMAIN MEASUREMENTS IN ELECTROMAGNETICS 


V 2 F(6) = EA£ T (13-78) 

where the columns of E are the orthonormal eigenvectors of the Hessian and A 
is the corresponding diagonal matrix of eigenvalues A positive definite matrix 
is obtained b> replacing the diagonal elements of A with 

K, = max[|\,|,5] (13-79) 

where S is a small positive number This method works well on a per-step basis, 
but computing the decomposition is expensive if there are many parameters 
Another method, based on More and Sorensen, 24 first computes the symmetric 
indefinite factorization. 


V 2 V(0) = UDlf (13-80) 

where U is a product of upper-triangular and permutation matrices and D is 
block-diagonal with blocks of order 1 or 2 Greenstadt’s method is then applied 
to the blocks of D This method costs much less and is competitive on a per- 
step basis as well Furthermore, tf UNPACK 25 is available, it can be imple¬ 
mented by modifying only a few lines of the subroutine DSISL Both methods 
are available as options in NLS 

Another option is the Gauss-Newton approximation in which only the first 
term in Eq 13-73 is used, its advantage is the time savings gained by not 
calculating the second term The standard argument for its use is that the second 
term is small near the minimum because [e(£)J is small For our problem, one 
can also show that if the model order is large enough so that [e(7)J is white at 
the global minimum, then the expected value of the second term will be zero 
there The first term is always positive semidefimte but is often ill-conditioned 
The usual solution is to add 8/ to it before it is inverted, where 5 > 0, 26 but we 
have observed that the same methods we used to modify the full Hessian are 
also good methods for regularizing the first term Because there are two decisions 
with two options each, there are four possible search directions Our experience 
has been that applying the symmetnc-indefimte-factonzation method to the full 
Hessian both close to and far from the minimum is usually the fastest and most 
reliable There are plenty of exceptions, however, when the algorithm is con¬ 
verging slowly, changing directions will often speed it up 

In addition to the Newton step, there is an auxiliary step that optimizes the 
parameters of B for fixed F because, with F fixed, minimizing V(&) with respect 
to B is a linear least-squares problem whose global minimum can be determined 
nomteratively. Using this step every few iterations can greatly speed conver¬ 
gence 
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Another necessary modification to Newton’s method is the inclusion of a step- 
length algorithm so that Eq. 13-76 becomes 

0 m+1 = 0„, + s,„d m 03' 81 ) 

whete s,„ > 0. The best value of s, n is obviously the one that minimizes V(0 m+ 1 ), 
but determining it could require many evalutions of V(0). Because of the scaling 
properties of Newton’s method that, near the minimum at least, make the best 
value of 5 close to 1, and because computing the derivatives of V(0) does not 
cost that much more than computing V(0) itself, we decided to use Armijo’s 
method, 27 which, rather than seeking the absolute minimum, decreases the size 
of 5 until a certain criterion has been satisfied. The initial value of s should be 
approximately 1. 

Another issue that had to be addressed in determining step length was stability 
because at some point a pole of the model of Eq. 13-67 could cross the unit 
circle, causing numerical inaccuracies or overflows. Stability is equivalent to 
the condition that all the reflection coefficients corresponding to F have mag¬ 
nitudes less than 1, 22 Using a constrained nonlinear program 22 to apply magnitude 
constraints is unsatisfactory, however, because the reflection coefficients of F 
are highly nonlinear functions of the polynomial coefficients of F. Consequently, 
such an algorithm is difficult to implement and expensive computationally. The 
usual, simpler method is merely to reduce the step size whenever the magnitude 
of a reflection coefficient becomes greater than 1. Unfortunately, this can produce 
situations in which the algorithm becomes static at a point on the stability 
boundary that is not optimum. This problem can become severe if, as frequently 
happens with electromagnetic transient experiments, the response of the device 
or object being tested includes several lightly damped resonances (corresponding 
to z-domain poles near the unit circle). The solution we used in an early version 
of NLS 20 was to relax the stability test by comparing the magnitudes with a 
number larger than 1. Our reasoning was that V(0) will tend to become large 
as the stability boundary is crossed. The algorithm will therefore not allow the 
model to become too unstable and will eventually drive 0 back across the bound¬ 
ary'. This approach worked well in many instances. The reflection coefficients 
are also highly nonlinear functions of the poles, however, and are therefore not 
good measures of the degrees of instability. A better measure is the size of 
("aft)], defined previously. If ly(k)] is computed using the following: 

J 

H k ) = X b(j)u 0 (k - j) (13-82) 

J — O 

then [n fl (k)] is always available. The step size is reduced if its maximum mag¬ 
nitude exceeds a large number; we used 10 10 . 
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Running the NLS Algorithm 

NLS is an iterative algorithm and requires an initial point the selection of which 
is important on two accounts First, the closer the starting point is to a minimum, 
the fewer will be the number of iterations Second, F(0) may have local minima 
If the model order is less than that of the actual system local minima are likely 
On the other hand, in the zero noise case, or, in the limit, as the amount of data 
becomes large, if the model order is too large, the global minimum will be 
distributed (any point on some contour in the parameter space will be a global 
minimum) Under restricted conditions, if the model order is correct, there is a 
unique global minimum and no local minima For a discussion of these issues, 
see Soderstrorrr* and Steams 29 

Our approach to locating the global minimum begins with fitting a high order 
model of the form Eq 13 65 (The closed form solution to this problem is given 
in the previous chapter Ideally, the A and B polynomials will have a common 
factor that models the noise, and the remaining factors will be the correct model 
of the actual system Of course, this usually will not be the case, but often A 
and B contain factors close enough to those of the actual system for NLS to 
converge to the global uummum when it uses them as an initial point As a Tule 
we have found that the best procedure is to let NLS start with the high-order 
model (the initial value of F is A) and run until either a minimum is reached or 
convergence slows Slow convergence is often a consequence of overmodelmg 
because a distributed global minimum leads to a Hesstan that is singular or nearly 
singular This situation is usually a good indication that the minimization problem 
is ill-conditioned 

The obvious way to remove extraneous poles from a model is to throw away 
those with the smallest residues This method is incorrect, however, particularly 
for transient problems in which the exciting pulse may not have energy at all 
frequencies When nonparametnc models were discussed in the previous chapter, 
it was shown that such a pulse could lead to high variance estimates The 
frequency domain interpretation for this problem is that if the input energy is 
almost zero at some frequency, then the estimate of the transfer function at that 
frequency will have a high variance (Its value has little effect on the fit to the 
output record ) Similarly, in the parametric output error problem, if the input 
signal does not excite a particular pole, then the estimate of its residue will have 
a high variance (Its value will have little effect on Eq 13 68 ) The correct 
approach is to discard poles that contribute little to minimizing Eq 13 68 

The first step in eliminating the extraneous poles is to compute the / roots of 
F(r), Pi ,P/, which are of course, the poles of the model If these poles 
are ordered so that the first 2 I r poles are the complex poles grouped in pairs, 
and the remaining 1 ~ 2 l ct are the real poles, then in the z transform domain, 
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fa) = 

i = ! 1 


p2i—1 + Pz & 


2Re[p 2i ]z~' + |p 2 /| 2 z- 2 


tX(z) + 2 


Pi 


,-£ + . 1 - P- 


— X(z) 
(13-83) 


The coefficients of B are linear functions of the (3,’s and can be recovered by 
recombining the above partial fraction expansion. If in the z-transform domain, 


we 


define for i = I, . . ■ J c the sequences. 


Hr,- iU) = 


1 


1 - Re[p 2 i]z~ 



(13-84) 


and 


H v {z) = z-'Hu-tz) (13-85) 


and for i = 2I C + 1, . . . the sequence, 

HM = y~ — X(z) (13-86) 


then, in the time domain, 


e(k) = y(k) - 2 PM*) (13-87) 

1 

Because [e(A - )] is a linear function of the p,’s, minimizing Eq. 13-68 with 
respect to thee coefficients is a linear regression (linear least-squares) problem. 
If it is desirable to keep only L < / poles, then the best subset can be obtained 
by trying all possible combinations of L poles and selecting the one that yields 
the smallest value of Eq. 13-68. Unfortunately, since this involves solving /!/ 
(f ~ L)\L\ linear least-squares problems, it is usually computationally prohib¬ 
itive. Selecting a subset of regressors is a standard problem in linear-regression 
theory, and many suboptimal methods that are not computationally expensive 
have been developed. 30 We used a backward-elimination method that begins 
with the solution for all / poles and then removes one pole at a time from the 
solution until L remain. At each step, the pole that contributes the least to the 
solution is removed. 

If the original model order was too high, the near collinearity of the sequences, 
I ,[ /(A)] in Eq. 13-87 can result in very large estimates of the (3,’s, which in turn 
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can result m a model whose impulse response exhibits the same kind of bizarre 
behavior we observed in the nonparametnc modeling section of the last chapter 
Selecting a subset of regressors can be viewed as a method for regularizing a 
regression problem (recall that we used “ridge regression’ for the nonparametnc 
estimate) Often the reduced order model will give a much better estimate of 
the impulse response In order to improve the estimates of the poles in the 
reduced order model this model should be used as the starting point for another 
NLS run Typically, the parameters won’t change dramatically, and only a few 
iterations will be required 


Interpreting the Results 

Considerable caution must be exercised in interpreting the results of any method 
that fits exponentials to data or identifies the response of a system with a linear 
difference equation model To begin with, the idea of representing a function 
with an infinite exponential series is somewhat nonsensical because this series 
is not unique In particular, on a finite interval, any reasonable function can be 
represented by its Fourier senes, which, of course, is a sum of undamped 
exponentials equally spaced m frequency Usually there is an implicit assumption 
that the system is approximately finite order so that only a few of the terms m 
the expansion are significant Selecting the correct model order is itself a complex 
problem, particularly because the finite order assumption is only an approxi 
mation A good discussion of some of the issues in order selection is contained 
in Akaike J ’ 

Even if the actual system ts finite order, difficulties remain because the esti¬ 
mation problem is often highly ill conditioned At a minimum of F(0), the 
gradient is zero and the sensitivity of V(0) to changes in 0 is measured by the 
Hessian If the Hessian has small eigenvalues, then V(0) will be insensitive to 
changes in 0 along the directions of the corresponding eigenvectors Conse 
quently, the variances of the estimates will be large along these directions In 
almost all of our simulations, the Hessian has been observed to have some small 
eigenvalues at the minimum, ones in the range I0~ 1D were not at all uncommon 
In the Gaussian noise case, we can be more precise because at the minimum the 
Hessian can be used to obtain an estimate of the Fisher information matrix, J 
In particular, 

J = (2cr 2 )' 1 W(0) (13-88) 

where cr is the noise variance By the Cramer Rao inequality, 19 the inverse of 
the Fisher information matrix is a lower bound on the covanance matrix of any 
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unbiased estimate of 0. Therefore, if the Hessian has small eigenvalues, the 
inverse of the Fisher information matrix will have large ones, and we should 
expect high-variance estimates. 

A general rule of thumb is that it is easier to identify a set of highly under¬ 
damped complex poles than to identify a set of real poles. Furthermore, in the 
case of complex poles, the estimates of the imaginary parts (frequencies are 
usually much better than the estimates of the real parts (damping factors). 15 Some 
understanding of why these observations should be so can be obtained by keeping 
Parseval’s theorem in mind and observing frequency-domain behavior. The fre¬ 
quency responses on two real poles will always overlap to a considerable degree. 
Similarly, so will the responses of two pairs of complex poles having the same 
frequencies but different damping factors. On the other hand, there will be little 
overlap between two pairs of complex poles that have different frequencies and 
small damping factors. 


Identification Using NLS: An Example 

Consider the following example of the identification of the complex resonances 
of a lossless dialectric slab. The input signal is the double exponential pulse with 
oti = 10 7 and a 2 = 10 s , given previously in Fig. 13-3. The signal consists of 
1024 equally spaced samples with a sampling interval of 8.494 X ltfr 10 s. The 
slab has a dielectric constant of 5.5 and a thickness of 5 m. We process the data 
using the signal processing algorithm, SIG. 32 We subtract the incident field and 
the reflection from the front face from the total E-field and shift the time axis 
so that the value, t = 0, corresponds to the initial arrival of the first return from 
the back face (Fig. 13-6). We examine the input and output spectrum (Figs. 13- 
7 and 13-8, respectively) and filter both with a tenth-order analog-derived But- 
tenvorth low-pass filter at 90 MHz. We find that, after filtering, the data is 
oversampled with respect to the Nyquist rate. We therefore decimate the data 
by 4:1, resulting in 256 point input and output records with a sampling interval 
of 3.3976 ns. Note in Fig. 13-9 that eight resonances are visible in the output 
spectrum before the combined effects of the input spectrum and the low-pass 
filter drive the spectrum below the range of the linear plot. We comment that 
the identification of eight complex resonances (16 poles) requires a model of at 
•east the sixteenth order. The filtering operation is therefore essential in order 
to keep the order of the system within a reasonable size. In an actual experiment, 
natural filtering is supplied by the bandwidth limits of the measuring system, 
iltering, however, is still required to eliminate high-frequency noise, which 
can also increase model order unnecessarily. 

The filtered and decimated data are next processed by NLS. The algorithm 
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Fig 13-6 Output E-fielcf, incident field, arid front-lace reflection subtracted for 1024 samples, 
Where St - 8 494 x ir' 4 S 
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Fig 13-10 Theoretical (□) and model (A) poles (s plane) 
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begins with an ordinary linear, least-squares fit to the data (see Eq. 13-65). We 
select a model order of 20 with 19 zeros. The poles are presented in the s-plane 
(Fig. 13-10), with the results of the identification (A) displayed along with the 
theoretical poles from Eq. 13-29 (s n = m„). 

Note that the first seven identified pole pairs match their theoretical counter¬ 
parts to within the accuracy of the plot. The eighth and ninth pairs begin to 
deviate, particularly in the real part. 15 These deviations are caused by the de¬ 
terioration in signal-to-noise ratio at the edge of the low-pass filter 
(co = 5.655 x 10 s ). 

The identified complex resonances obtained above can be used as discrimi¬ 
nators to determine the physical parameters of the slab, as described in the 
section on Object Features from Complex Resonances. We emphasize that we 
are assuming that we know the form of the structure but not the specific values 
of the parameters, e r and d. This knowledge is often not available in an actual 
identification experiment or, at best, is known only in vague, nonscientific terms. 
For example, we might know only that the output data represents scattering from 
a “flying object” or a “buried inclusion.” In the case of the slab, however, 
knowledge of the form of the structure leads to the complete classification of 
the object by the procedure in the section just mentioned. 

The preceding identification sequence was carried out on “perfect” data, in 
the sense that the only noise is the roundoff inherent to a VAX-11/750 computer. 
Using a Gaussian random number generator in SIG, we may study the effects 
of noise on the identification process. Concentrating on the system output, we 
compute the maximum of the output sequence, sup[y(&)], where 
k =1,2, . . . ,1024. If cr is the standard deviation of the Gaussian distribution, 
we define 8 by 


ct = 5 sup[y(k] (13-89) 

To the output (Fig. 13-6), we add zero-mean Gaussian noise with 8 = 0.01 (see 
Fig- 13-11). The effect of the noise on the resonances is evident in the frequency 
domain (see Fig. 13-12) when compared with the noisefree case in Fig. 13-8. 
One would expect difficulties in the identification procedure, beginning with the 
second resonance (ordered by increasing frequency). Indeed, if we repeat the 
identification procedure using a twentieth-order system, the poles in Fig. 13-13 
egin to deviate from their theoretical positions after the first pole pair. Again, 
1 e initial effect is in the real parts. It is to be noted that a noise level of 1- 
Percent of the peak in the output signal is sufficient to cause serious errors in 
1 e pole positions. Even so, in this case the first pole pair gives all the information 
necessary for complete classification of the slab. 
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Fig 13-11 Output with 1-percent Gaussian noise 
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Fig 13-13 Theoretical (□) and model (A) poles with 1-percent Gaussian noise (s-plane) 
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13.3 DISCUSSION AND CONCLUSIONS 


In this chapter, we have discussed some methods for obtaining characteristics 
of scattering objects from transient electromagnetic data. We have drawn a 
distinction between obtaining parameters in an identification procedure (system 
identification) and relating the parameters to parameters giving physical char¬ 
acteristics of the object (object classification). We have presented an example, 
the dielectric slab, that has allowed us to describe the object in terms of both a 
ray-optic and a complex-resonance solution. The ray-optic solution emphasizes 
local features of the object, whereas the complex-resonance solution emphasizes 
global features. 

Although the concept of “global” versus “local” generalizes to a large class 
of scattering objects, 1 it has not been possible as yet to produce systematic 
identification and classification procedures that encompass both descriptions. 
Indeed, most of the effort to date has been concerned with global identification. 

We have discussed in some detail a global identification method based upon 
the use of a nonlinear least-squares algorithm (NLS) and an interactive signal¬ 
processing package (SIG). We have included an example based on simulated 
data for the dielectric slab. It is now important to undertake a systematic study 
of scattering from canonical objects on an experimental transient range. Recent 
improvements on the transient range at Lawrence Livermore National Laboratory 
make such a program possible. 

Transient identification and object classification are still emerging sciences. 
With the advent of the NLS algorithm and improvements in transient range 
instrumentation and noise absorption, understanding the capabilities and limi¬ 
tations in complex-resonance identification is at hand. This understanding, how¬ 
ever, is only the beginning. As pointed out in the introduction to Sec. 13-2, the 
scattering from perfectly conducting objects consists of both the complex-res¬ 


onance series and an entire function. Any attempt at modeling the scattering 
process by complex resonances alone, therefore, ignores the entire function 
contribution. Although the role of the entire function in the transient waveform 
is well-understood, 3334 its role in identification and classification is controver¬ 


sial. 5 - 36 Indeed, whereas the complex exponential series is parametrized by the 
poles and their residues, the entire function contribution is not parametrized at 
a ll- This fact has unfortunate consequences in attempts to obtain complex res¬ 
onances of scattering objects that exhibit high radiation damping. For such 
structures, the pole positions contain relatively high damping coefficients, and 

e tonsient signal is therefore dominated by the entire function. An excellent 
example of the difficulties is found in the thesis by Simon, 37 which involves 

1 em ^ cat ion and classification simulations with a conducting circular cylinder 
ot infinitely axial length. 

In conclusion, obtaining scattering-object characteristics by parametric meth- 
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ods involves system identification, transient scattering theory, experimental tran¬ 
sient range methods, and signal processing System identification is a science 
that enables us to obtain parameters once a model is established Transient 
scattering theory- provides the model A good transient range enables us to obtain 
data in a controlled laboratory environment Intelligent signal processing allows 
us to provide good, parsimonious data for the identification algorithms progress 
in parametric methods for object classification depends on all four areas Par¬ 
ticularly important, however, is a better understanding of transient scattering 
theory, particularly in the parametnzation of the entire function contribution 
As a final note, most efforts to date in transient electromagnetic identification 
have been confined to single-input, single-output cases It is clear, however, 
from many studies m inverse scattering that a single aspect angle provides only 
limited information concerning characteristics of three-dimensional scatterers It 
is therefore important to generalize studies to include inputs and outputs at 
multiple locations around the scattering object Dudley 38 has proposed a state- 
space formulation of transient electromagnetic scattering The model is for the 
single-input, multiple-output case and includes the invariance of pole position 
with spatial location The method, however, remains to be tested with both 
simulated and range data 
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Abbreviations and Keywords 


Abbreviation 


or Keyword 

Definition 

Section 

A 

Area of sensor plate or loop 

11 1 

ACD 

Asymptotic Conical Dipole 

6 l 

ADC 

Analog to-Digital Converter 

64 

A, X, 

Equivalent area 

6 1 , 8 1 


Effective area 

8 1 

Aperiodic 

Pulses that recur in some nonperiodic manner 

22 

pulses 



ARMAX 

Auto Regressive Moving Average model 

12 1 , 12 2 

A(«) 

Amplitude spectrum 

1 0 

BAR 

BAseband Radar 

1 3 

BCD 

Binary Coded Decimal 

11 5 

BLUE 

Best Linear Unbiased Estimate 

12 1 

BW 

Passband 

11 3 

C 

Capacitance 

8 1,11 1 

GfeC 

Command and Control 

67 

CCD 

Charge Coupled Devices 

64 

ccw 

Counterclockwise 

1 2 

CFAR 

Constant False Alarm Rate 


CML 

Cylindrical Moebius Loop 

6 1 

Coherent 

One of a sequence of pulses with the same 

2 2 

pulse 

functional time dependence over the pulse 



duration 


CPM 

Circular Parallel Mutual inductance sensor 

6 I 

civ 

Clockwise 

1 2 

DFT 

Discrete Fourier Transform 

12 1 

Distal 

Farthest front the waveform baseline 

22 

Duration 

Finite time interval 

2 2 

DUT 

Device Under Test 

10 0 

E 

EJectnc field strength 

It I 

EBS 

Electron Bombarded Semiconductor 

64 

EC-1 

Emitter Coupled Logic 

4 1 

498 
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Abbreviations and Keywords ( continued) 


Abbreviation 


Section 

or Keyword 

Definition 

EM field 

ElectroMagnetic field 

5.0 

EMP 

ElectroMagnetic Pulse 

1.2, 5.0, 6.0 
6.6, 12.1 

FDHM 

Full Duration at Half Maximum 

2.5 

FET 

Field-Effect Transistor 

4.5, 11.1 

FFT 

Fast Fourier Transform 

10.0, 12.1 

FMM 

Flush Moebius Mutual inductance sensor 

6.1 

FO 

Fiber-Optic 

6.2 

A') 

Excitation or signal 

1.1, 2.4 

FWHM 

Full Width at Half Maximum 

4.8 

S ( t ) 

Correlation function 

2.4 

K 

Effective height of an antenna 

11.1 

V 

Effective height of small sensors 

8.1 

HFW 

High Frequency Window 

9.1 

HSD 

Hollow Spherical Dipole 

6.1, 8.1 

m 

Impulse response 

1.0 

IDFT 

Inverse Discrete Fourier Transform 

12.1 

IEC 

International Electrotechnical Commission 

2.0 

IMM 

Inside Moebius Mutual inductance sensor 

6.1 

4 

Short-circuit current 

8.1 

111 

/-dot One-turn Insertion unit 

6.1 

JJ 

/osephson Junction 

2.5 

L 

Inductance 

8.1 

LED 

Light-Emitting Diode 

6.2 

LFW 

Low Frequency Window 

9.1 

lin ac 

f 

4 

_£ 

LINear Accelerator 

4.9 

Line length 

10.0 

Effective length 

11.1 

% 

Equivalent length 

6.1, 8.1 

Mesial 

mgl 

mmt 

mtl 

Toward the middle of the waveform baseline 

2.2 

Multi-Gap Loop 

6.1, 8.1 

Matched-Monopole Type 

1.2 

Multi-Tum Loop 

6.1 
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Abbreviations and Keywords ( continued ) 


Abbreviation 

or Keyword Definition Section 


MLS 

Nonlinear Least Squares 

12 2 

Noncoherent 

A pulse that docs not provide stationary time 

2 2 

pulse 

dependence 


OMM 

Outside Mocbius Mutual inductance sensor 

6 1 

PCS 

Plastic Clad Silica 

62 

Periodic 

Pulses that recur with a fixed penod of T 

22 

pulses 

seconds 


PPD 

Parallel Plate Dipole 

6 1 

PRF 

Pulse Repetition Frequency 

1 1 

Proximal 

Nearest the waveform baseline 

22 

P(t) 

Pulse modulated input 

1 2 

PTD 

Programmable Trigger Delay 

63 

Pulse 

A ph>sica! modification of state 

22 

Pulse train 

Sequence of pulses 

22 

RELS 

Recursive Extended Least Squares 

122 

RLS 

Recursive Least Squares 

12 2 

r(0 

Response 

1 1 

S 

Sensor plate area, or speed of rotation in 
revolutions per second 

8 1,111 

SCR 

Silicon Controlled Rectifier 

4 6 

SEM 

Singularity Expansion Method 

13 2 

SFANA 

Stepped Frequency Automatic Network 
Analyzers 

102 

Single event 

Single shot case of a single pulse 

22 

SNR 

Signal to Noise Ratio 

1 2, 10 0 

SRD 

Step-Recovery Diode 

43 


Sampling pulse 

24 

T 

Sampling interval 

100 

TD 

Tunnel Diode 

44 

TDANA 

Time Domain Automatic Network Analyzer 

100. 10 1 

TDK 

Time Domain Reflcctometry 

10 I 

TDS 

Time Domain Spectroscopy 

102 

TEM 

Transverse Electromagnetic 

50 

TUR 

Time Limited Impulse Response 

1 2 
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Abbreviations and Keywords ( continued ) 


Abbreviation 
or Keyword 

Definition 

Section 

Transition 

Difference between the proximal and distal 

2.2 

duration 

points 


TTL 

Transistor-Transistor Logic 

4.1 

L 

Time window interval 

10.0 

V 

Velocity of propagation 

10.0 

V L 

Output voltage 

8.1 

Voc 

Open-circuit voltage 

8.1 

Waveform 

Observed or measured shape of a pulse 

2.2 

Waveform 

Difference between the mesial points (in time) 

2.2 

duration 

of the first and last transitions 


WTT 

Wave-Trapping Type 

1.2 

Yt 

Transfer admittance 

6.8 

Z 

Characteristic impedance 

1.2 

Zc 

(1) Characteristic impedance of a cable, or (2) 

8.1, 11.1 

Z T 

recording system matched impedance 

Transfer impedance 

6.1, 6.8 

Z(w) 

Driving point impedance of a dipole 

1.1 

8(r) 

Dirac delta function 

1.1 

£o 

Permittivity' of free space 

8.1 

tr 

Relative dielectric constant 

8.1 

P 

Permeability 

1.2 


Phase function 

1.0 
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This appendix contains examples of typical time-domain measurement configurations that 
are intended to be illustrative of techniques employed in the 500-MHz to (about) 5-GHz 
range or forrisetimes longer than (about) 50 ps. At lower frequencies and for risetimes 
longer than several nanoseconds, time-domain techniques are still of interest, and a variety 
of oscilloscopes and transient recorders can be employed. For risetimes less than 50 ps, 
optical-electronic techniques can be used to measure transient signals. The specific pieces 
of equipment used in these examples are presently commercially available but not officially 
endorsed. In many cases, equivalent equipment or alternative techniques can be used to 
perform the same measurements. Sampling techniques are treated exclusively. 

The ideas and techniques illustrated here have come from many sources. A number of 
special-purpose systems have been developed in the last several years, for example, on 
automatic automotive braking system using base-band radar and monopulse subterranean 
radar (see Chap. 1). The interested reader is referred to the literature for discussion of 
these and similar systems. 

The chosen examples illustrate the utility of time-domain measurements. As has been 
mentioned in various places throughout this book, their advantages include the following: 


I. Clear and natural representation of transient wave phenomena that permits the 
physics of propagation to be easily grasped and gives a qualitative understanding 
of transient phenomena. 

" broadband measurements that allow high-Q characteristics to be measured without 
imitations imposed on sampling in the frequency domain. 

• Time-range gating can be used to eliminate the need for expensive anechoic cham¬ 
bers. 


sable time-domain data can be obtained without precision-calibration standards 
° r tec hniq u es. Note that without careful calibration, frequency-domain data has 
united utility. One problem encountered when sweeping the frequency is that 
Jiges in phase caused by cable lengths give phase errors. Automated techniques 
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arc often required for meaningful swept measurements as well as good calibration 
procedures 

5 The * big picture is easily grasped m time domain data Resonant frequencies, 
element Q, and broadband impedance are easily estimated 

6 The time domain is natural for many applications such as EMP and range delay 
radar 

7 Scaling laws and scale models can be used to reduce the resources required to test 
large objects 

8 Equipment faults are located easily in the time domain These include bad con 
nectors, cable faults, impedance mismatches, and the like 

Time domain measurements ha\e various limitations, however, including 

1 Specialized equipment is required and such equipment is often not included in the 
standard laboratory inventory 

2 Frequency domain results can be of limited accuracy The FFT can be used to 
calculate frequency domain data from time domain measurements, but data obtained 
in this fashion usually do not have the accuracy of carefully made frequency domain 
measurements Signal averaging and careful calibration procedures can improve 
accuracy 

3 Measurements are usually limited to frequencies less than (about) 10 GHz Mea 
surements of open systems made below (about) 100 MHz require large facilities or 
use of absorbing material (an anechote chamber) The upper frequency limit can 
be extended with exotic pulsers or by pulsed earner techniques 

4 Most coaxial and strip lines are lossy and dispersive Rapid nsetimes are lost quickly 
on excessive cable runs 

5 Trigger jitter often makes it difficult to obtain data Triggering drift can cause 
problems especially when attempts are made to improve signal to noise by aver 
aging 

6 External noise can be picked up in open systems 

7 Impedance mismatches produce reflections Thus, to reduce unwanted reflections, 
all components should be well matched to the impedance of the measuring system 
(usually 50 etam) 

8 Accuracy will be impaired by nonlinear sweep, nonlinear deflection (i e , nonlinear 
horizontal and vertical deflections), and inaccuracies in AID conveners 

The examples covered here include TDR (time domain reflectometry) methods and 
applications, transmission measurements, and base band radar Bounded and unbounded 
applications will be considered A * bare bones’* approach will be presented as well as 
the techniques used to automate and collect data m digital format 

TIME-DOMAIN REFLECTOMETRY 

Time-domain reflectometry (TDR) is a technique used to measure the reflection of a pulse 
from an object under test The finite velocity of light is used to eliminate unwanted 
reflections occurring during the time that measurements are being made and also to 



TYPICAL TIME DOMAIN MEASUREMENT CONFIGURATIONS 505 


determine the distance to reflecting perturbations. The quantity of interest is the input 
reflection coefficient. In bounded systems, TDR can be used to measure impedances on 
transmission lines, to measure load impedances, and to find faults on transmission lines. 
Coaxial and microstrip components can be measured. Discontinuities caused by faults, 
mismatches, bad connectors, and changes in impedance can be easily located. In open 
or radiating systems, antenna input impedance can be measured. In many cases, direct 
time-domain information is useful, such as finding line faults or determining transmission¬ 
line impedance. In some cases—for example, to obtain antenna input impedance—trans¬ 
formation to the frequency domain is desirable. The key to TDR measurements is the 
use of delay times to separate the reflected signal of interest from unwanted signals in 
the system. Doing so usually requires well matched components to minimize unwanted 
reflections. 

A basic TDR system consists of several components: 

1. Apulser 

2. A signal sampler to measure the signal on a transmission line 

3. Transmission lines that connect the pulser, sampler, and device to be tested 

4. A means of displaying or recording the signal obtained by the sampler. 

The equipment chosen depends on the application and the range of frequencies of 
interest. For example, above 1 GHz, a sampling oscilloscope is the most common form 
of signal display. For TDR applications, pulsers of modest voltage (<5 V) are adequate. 
The risetime of the pulser is determined by the spatial resolution required or by the highest 
frequencies of interest. To be useful, the pulser output should not experience changes in 
voltage after the primary pulse or step. 

A self-contained, portable, but not nonexpandable TDR system is shown in Fig. A-l. 
The Tektronix 1502 TDR Cable Tester has a risetime less than 140 ps and a jitter less 
than 40 ps, values that are adequate for many applications. This self contained unit is 
easy to use, but better used for demonstration of TDR measurements and applications 
than for illustration of TDR equipment principles. Measurement of rapid transients de¬ 
pends upon jitter-free triggering. Although this problem is minimized in the 1502, it 
affects sampling systems in general. The pulser in the 1502 generates a step voltage of 
about 220 mV. The signal sampler is close to the pulser, which is internally matched to 


Tektronix 

1502 TDR Cable Tester 



Fig. A-1. Low-cost TDR. 
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absorb signals reflected from the load As with any high frequency system, care must be 
taken, high-quality connectors should be used and the length of cable connecting the unit 
to the load minimized 

The 1502 was originally intended for use m finding the location of faults m cables 
The distance to a fault is determined by multiplying one half the product of the signal 
velocity of the cable by the round tnp time to the fault The 1502 has a dial that eliminates 
the need to do the division manually 

The 1502 can be used as a general purpose TOR, however, for example, to determine 
the qualitative characteristics of an antenna as a function of depth away from a planar 
interface and as a function of the conductivity of the media To perform this kind of 
experiment, connect a 15 cm long dipole to the 1502 by a length of coaxial cable This 
antenna is resonant in air at about ! GHz Since the period of I GHz signal is I ns, the 
clear time in air is 1 ns per 15 cm, where distance is measured to the closest unwanted 
scatterer In water, the clear time is about I ns per 2 cm Thus, a I m square ground 
plane will give a clear time in air of 3 1/3 ns For the present example, this is a convenient 
size that does not require an elaborate antenna range 

The experiment is performed by using an unbalanced dipole, or a monopole driven 
against a ground plane In either case, insulated wire should be used, number 12 insulated 
copper wire used in house wiring works nicely As the antenna is lowered toward water, 
changes in the reflection coefficient will be seen The reflections change dramatically 
when the antenna ts lowered into the water (The resonant frequency is about 300 MHz 
at the air water interface ) When salt is added to the water to increase conductivity, the 
antenna Q decreases, and the dipole loses much of its resonant character when the salt 
water solution becomes very conductive 

A similar experiment in the frequency domain would require an elaborate antenna 
range, and the raw data would contain considerably less intuitive information about the 
physics of the interaction of the antenna with the conductive media 
The 1502 is adequate to demonstrate TDR techniques It can produce output data with 
a built in X-Y recorder or record data with an optional strip chart recorder Since all of 
the TDR components are contained within the instrument and not accessible, however, 
the 1502 cannot be easily expanded, modified, or tailored to specific requirements and 
is difficult to use for transmission measurements 
These limitations can be overcome by the expandable TDR system manufactured by 
Tektronix shown in Fig A 2 Included are the 7SI2 TDR/Sampler with an S52 Pulser 
and an S6 Sampling Head These accessories are able to turn any 7000 senes mainframe 
into a sampling system with a nsetime of less than 40 ps The system of Fig A-2 uses 
a 7603 oscilloscope mainframe since this is the least expensive of the 7000 senes, and 
many laboratories will already have it Optional transmission equipment includes the 
7S11 sampling unit and the S4 sampling head 
AH of the TDR measurements previously discussed can be made with this system To 
maintain rapid nseltmes, the pulse generator and sampling head must be placed as close 
as possible to the device under test Risetime is lost rapidly on excessive cable runs 
Tektronix accessories include extenders that permit the pulser and sampling heads to be 
located remotely from the oscilloscope mainframe, these are highly recommended 
The sampling head nsetime is 30 ps, the pulser nsetime, 25 ps with an 800 ns width. 
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Tektronix 

7603 Oscilloscope 
7S12 TDR/Sampler 


Fig. A-2. Expandable 30-psec TDR and transmission. 


and the pulser repetition rate, 40 kHz. One sample of the signal is obtained for each 
pulse produced by the pulser. 

Consequently, a high pulse-repetition rate permits data to be obtained quickly and aids 
in flicker-free and easily viewable displays. 

The system in Fig. A-2 can be expanded and automated, and such features will be 
discussed later. For this reason, it is preferred over the system in Fig. A-l if a need for 
additional capabilities is anticipated. 


TRANSMISSION MEASUREMENTS 


Transmission measurements are required to determine the radiating properties of antennas 
and the response of components such as filters, couplers, amplifiers, and the like. For 
some applications, the low voltage provided by the S-52 pulse generator is adequate. The 
system in Fig. A-2 can be adapted for transmission measurements by adding a 7S11 
sampling unit and an S4 sampling head. Alternatively, if TDR measurements are not 
required, the S6 sampling head can be used to provide transmission measurements by 
connecting the pulser directly to the device under test, connecting the output from the 
device under test to the S6 sampling head, and terminating the other port of the S6 head 
with a 50-ohm load. Both approaches work well, and obtaining a stable trigger or display 
encounters minimal trouble. 


The voltage provided by the S-52 pulse generator is inadequate for transmission mea¬ 
surements in radiating systems (for example, transmission from one antenna to another) 
orin devices with very high insertion loss. The transient input impedance of most radiating 
systems is poorly matched to 50 ohms. The radiating characteristics of most radiating 
systems is poorly matched to the frequency content of the step voltage produced by the 
pulser. Because of these effects, considerable energy is lost in reflection of the 
P ser output from the radiating antenna. For example, the typical range for the input 
- UT ge impedance of wire and conical radiators is in the range of several hundred to one 
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thousand ohms The reflected energy vanes as the square of the reflection coefficient In 
a 50 ohm system, a 1000 ohm radiating antenna will reflect 82 percent of the incidence 
energy Once launched the radiated field strength will generally fall off inversely as 
distance from the radiator The receiving antenna will develop an open circuit voltage 
that is equal to the product of the incident field strength and the receiving antenna effective 
height An insertion loss of 40 dB is typical for a long wire radiating antenna and a 1 
GHz receiving antenna separated by 1 meter Thus, the 200 mV provided by the S 52 
pulser results in received signals of 2 mV, which is an inadequate amount 

The solution is to use a pulser with more output voltage For most pulser techniques 
available, this increase is usually accompanied by an increase in nsetime (photoconductive 
switches can produce very high voltages with subnanosecond nsetimes, but these pulsers 
usually arc not available commercially) 

A typical transmission system for radiating systems is shown m Fig A 3 This equip 
ment is the same as that of Fig A 2 with the addition of a Picosecond Pulse Labs Model 
1500A pulser and a Tektronix. S 53 Trigger Recognizer that minimizes triggering prob 
lems The 1500A pulser output is a Gaussianhke pulse with a peak voltage of 60 V and 
a half width of 300 ps A variety of alternative arrangements can be used but the one 
in Fig A 3 provides stable triggering and is easy to set up In this configuration the 
pulse generator must have a stable trigger signal that precedes the output pulse by at least 
50 ns 

If more output voltage is required, the IKOR pulser can be used This pulser has a 
peak output voltage of about 1 kV but is free running, lacks a trigger output, and has a 
repetition rate of only 300 Hz The low repetition rate results in an oscilloscope display 
that is not easily viewed To use the IKOR pulser a Tektronix 7M11 delay line is required 
to provide a trigger preceding the signal This delay line increases system nsetime to 175 
ps As an alternative time base, the 7T11 can be used The combination of the 7TI1 and 
the IKOR pulser can give some problems in obtaining reliable triggering however Some 
improvement in triggering performance is possible by using an external tngger not obtained 
from the signal to be measured but rather from a signal sampler or parasitic antenna near 
the radiating antenna 



Signal 


Fig A 3 High loss transmission 
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AUTOMATION AND DATA ACQUISITION 

Data quality can be improved by signal averaging. Frequency-domain data can be obtained 
by transformation of transient data. The output corresponding to a different input signal 
can be found by convolution with the system impulse response or by multiplication of 
frequency-domain responses followed by a transform to the time domain (see Chap. 12). 
These operations require data acquisition. Photography is one form of data recording but 
is inconvenient for other than simple archival purposes. Horizontal and vertical analog 
signals are available on the front panel of the 7S12 TDR/Sampler of the systems shown 
in Figs. A-2 and A-3. These signals are applicable to data-acquisition systems using 
either analog-to-digital converters and a computer or a digitizing oscilloscope. 

A more straightforward approach is that shown in Fig. A-4. The Tektronix 7000 series 
plug-ins are used with a Tektronix 7854 digitizing-oscilloscope mainframe and a computer 
with an IEEE-488 interface. The 7854 can perform signal averaging before data is trans¬ 
ferred to the computer. The Hewlett-Packard HP-85 computer is a good choice, with 
well designed and easily used I/O procedures, a built-in tape drive and printer, and 
adequate memory. In general, the software will have to be written by the user. A simple 
data-acquisition program is given in Listing 1. Figure A-4 illustrates a TDR application, 
but the transmission measurements of Figs. A-2 or A-3 could be automated as well. 

As an example, the measurement of the insertion loss of a directional coupler will be 
treated here in detail. Table A-l lists the required equipment. Equipment setup is straight¬ 
forward. The mode/address switch on the back of the 7854 GPIB is set to an address of 
10, on line, and talk/listen with an LF as end of message (10101010). The 7S12 is 
installed in the center two compartments of the 7854 (right vertical and A horizontal), 
the 6-ft extenders are plugged into the 7S12, and the S-6 and S-52 heads arc placed at 
the end of the extenders. The ROMs, ROM drawer, memory card, and HPIB interface 
are plugged into the back of the HP-85 computer. The 7470 plotter, HP-85, and 7854 
arc connected by the HPIB cable of the HPIB interface and one HPIB jumper cable. One 



Fig, A-4. Data acquisition. 
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Listing 1 A short program to transfer data from the Tektronix 
7854 digitizing osciliiscope to the HP-85 computer. 

IO • PROGRAM SNORT 

20 • 2-29-84 3 A L»ndt 

30 * TO TRANSFER DATA FROM THE 
40 • TEKTRONIX 7BS4 TO THE 
30 • HEWLETT-PACKARD HP-85 
60 DIM W4C8200T 
70 CLEAR 710 

80 OUTPUT 710 J“0 WFW SENDX' 

90 ENTER 710 1 N,ZI,X,Z2,Y 
lOO DISP N,Z1,X,Z2,Y 
HO ENTER 710 I W* 

120 PRINT N,Z1,X,Z2,Y 
130 PRINT W* 

140 END 


port of the S-6 is terminated with a 50 ohm load The system is readied for use by 
energizing all equipment, and, when the 7854 self-test has been completed, by pressing 
the right vertical and left-horizontal mode buttons and placing the 7S12 m the repetitive 
triggering mode The short program in Listing 1 transfers data from 7854 to the HP 85 
The 7854 provides the number of data points, the time increment between data points, 
the voltage per division, and the data (normally 512 numbers) 


Table A-1. Equipment Required for Automated Data Acquisition 

and Plotting. 


A Time domain sampling oscilloscope (Tektronix) 


List Price 1983 

I 

Tektronix 7854 mainframe 


$13750 

2 

7SI2 TDR/Sampler 


3390 

3 

S52 pulse generator 


1655 

4 

S6 sampling head 


2295 

5 Two f>-fl extenders 

6 Assorted SMA fittings 

(50-fl loads, coaxial cables, 

SMA N and SMA BNC adapters., etc. \ 

B Microcomputer and plotter (Hen tetr Packard) 

890 

I 

HP 85A computer 


$ 2750 

2 

16K memory module 

82903A 

195 

3 

ROM draper 

82936A 

45 

4 

VO ROM 

00083 15U03 

295 

5 

Pnntcr/plotter ROM 

00085-15002 

145 

6 

Matrix ROM 

00085 15004 

145 

7 

Advanced progr ROM 

00085 15005 

145 

8 

HP-IB interface 

82937A 

395 

9 

Plotter 

7470A 

1550 

10 

ir. 

HP-IB cable 

Accessories (Data cassettes, printer paper, 
plotter pens and paper, etc ) 

10833B 

90 
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The wideband-coupling characteristics of an HP 764D directional coupler are to be 
measured. The calibration of this coupler is -20 ± 2 dB from 225 to 450 MHz. If a 
scan rate of 2 ns/div is chosen, 10 divisions give a total time span of 20 ns. This will 
correspond to a frequency step of 50 MHz when the data is processed by a fast Fourier 
transform. The upper frequency limit is set by the time step, and the Nyquist limit will 
be 25.6 GHz. The practical upper frequency limit will be about a factor of 10 less, or 
about 2.56 GHz. Using a faster sweep speed will extend the high-frequency limit of the 
measurement but will sacrifice the low-frequency resolution. Slowing the sweep speed 
will do just the opposite. Some trial and error is required to match the sweep speed to 
the device to be tested. Thus, a 2-ns/div sweep speed is reasonable for the HP 764D 
coupler. 

To perform the measurement, first attach the S-6 directly to the S-52 to measure the 
applied voltage waveform. The data is acquired with the program given in Listing 2; it 
is plotted in Fig. A-5 using the program given in Listing 3. It was obtained on the 7854 
by pressing the AVE 100 button, followed by its transfer to the HP-85. The fast Fourier 
transform of the input voltage is shown in Fig. A-6. The FFT was found using the program 
of Listing 4 and plotted using the program of Listing 5. 

The next step is to attach the S-52 to the input of the directional coupler and the S-6 
to the coupled port. The remaining ports on the coupler are terminated in 50 ohms. The 
coupled signal is shown in Fig. A-7 and on an expanded time scale in Fig. A-8. The 
rapid oscillations in Fig. A-7 are not noise but stable high-frequency oscillations, as 
shown in Fig. A-8. Note that using the 7854 to average the data has reduced the noise 
to about 0.05 mV, or about twice the digitization error. The FFT of Fig. A-7 is shown 
in Fig. A-9. The pulselike waveform of Fig. A-7 transforms into a spectrum similar to 
sin (x)lx. 

The insertion loss is found by dividing the spectrum of Fig. A-9 by the spectrum of 
Fig. A-6. The program of Listing 6 is used, and the result is shown in Figs. A-10 and 
A-11. The entire spectrum is given in Fig. A-10. Note that the data is erratic for frequencies 
with fewer than about 10 samples per cycle. Also plotted in Fig. A-l 1 are the calibration 
data given by Hewlett-Packard. The agreement between these two sets of data is ±0.2 
dB, or ±2 percent. This is very good, considering that no attempt was made to calibrate 
or fine-tune the time-domain equipment. The 7854, 7S12, S-6, and S-52 were used 
essentially “out of the box.” 

^ These data are very informative. The input pulse can be approximated by a step function, 


V,{t) = A U{t ) (A-l) 

The output is the sum of two waves, both replicas of the input but reduced in amplitude, 
0ne delayed and reversed in sign, as follows: 

V a (t) = B[t/(r) - U(t - T)] (A-2) 

"Hius 

vationV^ *' ne ' S one tlle fundamental building blocks of the coupler. This obser- 
0 vtous in the time domain (compare Figs. A-5 and Fig. A-7) but is obscured 
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Listing 2 HP-85 program to transfer data from Tektronix 7854 
digitizing osciiiiscope and save on tape. 

10 ' PROGRAM AOUIRE 

20 * 3-1B-B4 J A Larrdt 

30 • TO TRANSFER DATA FROM 7B54 
40 > SCOPE TO HP-85 AND STORE 
50 • ON TAPE IN FILE 'DATA 1* 

80 OPTION BASE 1 

70 DIM W<512),W*rB2003,N*C103,R«1003 
80 CLEAR 

90 DISP ‘FILE NAME TO STORE DATA -* 

100 INPUT D* 

110 CLEAR 
120 GOSUB BSO 

130 CLEAR e DISP ‘WAITING FOR HP-IB BUS" 

140 CLEAR 710 

150 OUTPUT 710 i ‘0 WFM SEND** 

160 ENTER 710 t N,Z1,X,Z2,Y 
170 ENTER 710 1 W* 

1BO RESET 7 

190 PRINT N,Z1,X,Z2,Y 

200 CLEAR 8 DISP ‘CONVERTING DATA" 

210 I3»0 @ 1st 8 Nl-N-1 
220 IF W*CI,I3»- - THEN 250 
230 I-It-1 
240 GOTO 220 
250 Il-I+l 
260 1—11 

270 IF THEN 300 

290 I-I+l 

290 GOTO 270 

300 12-1-1 

310 I3-I3+I 

320 W(I3>*»VAL<W«CI1,I2!) 

330 IF 13<N1 THEN 250 

340 I3-N B I-I2+2 e WtI3)=VAL(W*CI3) 

330 * NOW DATA IN W ARRAY 
360 GOSUB 510 
370 CLEAR 

380 DISP -WRITE DATA TO TAPE NEXT- 
390 DISP " 8 DISP "WRITE TO FILE 5 "JD* 

400 DISP “ 

AW 6K? -MU 'COMV TG ccmiMJE- 
420 PAUSE 

430 ASSIGN* 1 TO D* 

440 PRINT* | 1 N,X,Y,WO,R* 

450 ASSIGN* 1 TO * 

460 CLEAR 
470 DISP ‘DONE" 

480 PRINT "DATA WRITTEN TO FILE t "ID* 

490 PRINT “ e PRINT "" 

500 STOP 

510 GCLEAR B BEEP B WAIT 200 B BEEP 
320 CLEAR B DISP "ENTER COMMENT- 
330 INPUT R» 

540 DISP “ 

530 DISP "PLOT NEXT- 

360 DISP -ENTER TIME/DIV ON SCOPE- 

370 INPUT T3 
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580 DISP ” 

570 T1=0 e_T2=10*T3 

Z DISP "ENTER VOLTS/DIV" 
*20 INPUT Y3 
630 V 2=4*Y3 e Y1=-4*Y3 
440 LOCATE 0,133,0,100 
450 SCALE T1,T2,Y1,Y2 
460 PEN 1 

470 XAX1S Y2,T3,T1,T2 
480 XAXIS Y1,T3,T1,T2 
490 YAXIS T2,Y3,Y1,Y2 
700 YAXIS T1,Y3,Y1,Y2 


710 PENUP 
720 FOR 1=1 T0 N 
730 X9=II-1>*X 
740 Y9-Y*W(I> 

750 PLOT X9.Y9 


760 NEXT I 
770 PENUP 
780 PRINT 
790 PRINT R* 

BOO PRINT ““ 

810 PRINT Y3; “ VOLTS/DIV" 

820 PRINT T35" SECONDS/DIV" 

830 PRINT 
840 RETURN 

850 DISP "TO TRANSFER DATA FROM” 

860 DISP "TEKTRONIX 7B54 SCOPE TO" 

870 DISP “HP-85 AND STORE ON TAPE" 

880 DISP "IN FILE “5D* 

890 DISP " " 

900 DISP "HIT 'CONT' TO CONTINUE" 

910 PAUSE 
920 CLEAR 

930 DISP "IF FILE "51.*;" DOES NOT" 

940 DISP “EXIST, OR OTHER NAME IS" 

950 DISP "DESIRED, STOP PROGRAM AND" 

960 DISP "CREATE DATA FILE BEFORE” 

970 DISP "CONTINUING" 

980 DISP " " 

990 DISP "TO CREATE A DATA FILE I" 

1000 DISP "SIZE IS #*8 IE 512*3=4096+256" 

1010 DISP " " 

1020 DISP "EXECUTE 'CREATE ' “5 D*5 "' , 1,4352" 
1030 DISP "WHERE THE ’ IS REALLY A QUOTE" 

1040 DISP "" 

1050 DISP “HIT 'CONT' TO CONTINUE" 

1060 PAUSE 
1070 CLEAR 

1080 DISP “ADJUST 7854 AND GET DESIRED DATA" 
1090 DISP "IN X REGISTER" 

1100 DISP «« 

1110 DISP "DO THIS USING PANEL BUTTONS" 

1120 DISP »AQR, AVERAGE 10, 100, OR 1000" 

1130 DISP 

1140 DISP "THEN HIT 'CONT' TO CONTINUE" 

1150 PAUSE 
1160 RETURN 
U70 END 
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jn the frequency domain data (Fig A 9) Some of the physics of the interna] construction 
of the coupler has been determined by time domain probing Note that the flat topped 
portion of Fig A 7 is about 0 0124 V above the base line, a value that corresponds to 
a reduction of the input voltage by a factor of about 20 An uninformed calculation of 
insertion loss gives - 26 dB which is in disagreement with Fig All Thus, while the 
transient response gives insight concerning the construction of the device, the performance 
at a particular frequency is not obvious 

Frequency domain performance should not be estimated by simple division of time 
domain voltages One is tempted to do this, but it is mathematically incorrect Instead 
the transforms should be divided Doing so is often not difficult The Laplace transform 
of Eq A 1 is expressed as 


F<j) = A/s (A 3) 


Listing 3 Program to read HP-85 tapes and plot transient data 

io » PROGRAM TPU3T 
20 • 3-U.-S4 J A UWDT 
30 ' TO READ DATA STORED ON 
40 • TAPE AND PLOT 
SO DEG 

60 OPTION BASE 1 
70 PLOTTER Is 70S 
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80 PEN 0 

90 DIM E5<512>,R*C1003 
100 M—9 

110 CLEAR e DISP “INPUT FILE NAME TO BE READ- 
120 INPUT D* 

130 PRINT “READING DATA" 

HO GOSUB 600 
150 D1*X9 
140 T6=N*D1 
170 C9=T6 
1B0 PENUP 
190 GCLEAR 

200 D8=-4*Y9 8 D9=4*Y9 8 D7=2*Y9 

210 PRINT "INPUT TIME WAVE" 8 PRINT “ " 

220 PRINT “MAG FROM “;D8;" TO ";D9 

230 PRINT “TIME FROM 0 TO “;T6;" SEC" 8 PRINT “ “ 
240 GOSUB 390 
250 M9=l 

240 CLEAR @ DISP "RENORMALIZING — WAIT- 
270 FOR 1=1 TO N 
280 E5( I) =Y9*E5 (I) 

290 NEXT I 
300 PEN 1 
310 FOR 1=1 TO N 
320 T3=(I-1)*L1 
330 T=E5(I) 

340 PLOT 1000000000*T3,T 

350 NEXT I 

340 PENUP e PEN O 

370 MOVE 0,0 

380 STOP 

390 LOCATE 25,130,25,95 

400 SCALE 0,T6*1000000000, D8, D9 

410 GCLEAR 8 FXD 1,1 @ PEN 1 @ CSIZE 4 

420 LAXES -T4i*200000000, < D9—DB )/4,0, D8,1,1,2 

430 MOVE T4>*1000000000/2,D9-1. 1*<D9-DB> 

440 LORG 6 


450 CSIZE 7,.8 

440 LABEL “Time Cns) " 

470 MOVE T6*1000000000/2.5,D9-1. 1B*<D9-D8) 
480 LORG 6 @ CSIZE 4, .8 
490 LABEL D*; “ : ";R* 

500 CSIZE 7,.8 

510 MOVE -T6*1000000000/6,.5*(D9+DB) 

520 LORG 4 
530 LDIR 90 


540 LABEL "Signal 
550 FRAME e PEN 0 
540 PENUP 


<V> “ 


5^0 RETURN 
580 STOP 


s .S'fvir 

«°AS^GN# 1 T0 X *’ V9,E5O ’ R * 

SS print e PRINT ” " 

Sprint - D - T a FILE ’“* D **“’ read- 
440 print "N n-r RINT R * ® PRINT " " 
47 °El=E5(n’ DT ’ V/Dlv = "5 N, X9, Y9 

490 RETURn” F ° R PL0TTING ONLY" 

900 END 



Spectrum Cd8) 
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Fig A 6 Fast Fourier transform of the pulse produced by the S 52 pulse generator (0 
dB = 7 56 x IQ' 1 ' 3 V/Hz) 


and the transform of Eq A 2 as 

V„(r) = -II ~ exp (-jT)) (A 4) 

5 

The insertion loss is the ratio of Eqs A 3 and A-4 as follows 

/(*) = 7(1- exp (-jT)I (A 5) 

A 

Lets - ju) Then Eq A 5 reduces easily to Che following 

IE 

K.id) - j — $in(oj772) (A 6) 

A 

Equation A 6 compares well with the measured response shown in Fig All From 
Fig A 5, A = 0 242 V, and from Fig A 7, B = 0 0124 V, and T = 1 46 ns Thus 

(A 7) 


1(f) - 0 102 sm(/76 85* 10 s ) 
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Listing 4 Program to read HP-85 tapes, calculate the fast Fourier 
transform, and save on tape. 


10 ! PROGRAM FORT 

20 1 3-16-84 0 A LANDT 

30 ' FAST FOURIER TRANSFORM 

40 ! READS TAPE, TAKES FFT, AND STORES FFT DATA 
50 RAD 

40 OPTION BASE 1 
70 PLOTTER IS 1 

80 DIM A(1024),S(256),K(ll),E5t512),R*C100I 
VO MAT A=ZER 8 MAT S=ZER S MAT ES=ZER 
100 M9=9 
110 D*=“DATA1" 

120 F*=“FFT1“ 

130 IB=-1 


HO N=2 A M 

150 PRINT "READING FILE : n jD* 

140 G0SUB 2260 

170 Y1=-B*Y9 @ Y2=8*Y9 @ Y3=2*Y9 

180 D1=X9 

190 F9=1/(2*D1) 

200 T6=N*D1 
210 C9=T6 

220 T9=. 125*T6 ! TMAX FOR STEP 
230 A0=5/T9 ! A FOR STEP 
240 PENUP 
250 GCLEAR 

260 PRINT “INPUT TIME NAVE" @ PRINT " " 

270 PRINT “MAG FROM n jYlJ n TO “;Y2 

280 PRINT "TIME FROM O TO n jT6j n SEC" 0 PRINT " " 

290 SCALE 0,T6,Y1,Y2 

300 YAXIS O,Y3 8 YAXIS T6,Y3 e XAXIS Y1,.1*T6 e XAXIS Y2,.1*T6 
310 M9=l 


320 CLEAR 8 DISP "RENORMALIZING 

330 FOR 1=1 TO N 

340 12=2*1 

350 G0SUB 2200 

360 A(I2-1)=T 8 AtI2)«0 

370 NEXT I 

380 E9=A(2*N—1) 

390 FOR 1=1 JO N 
400 12=2*1 


410 T3=(I-1)*di 
420 T=A(I2-1) 

430 PLOT T3,T 

440 • SUBTRACT STEP FUNCTION 
450 TB 2*AO* (T3-T9) 

460 TB=(l- E x p( T a))/(1+E xP(T8): 

,1° TB= -5*E9*f 1+T8) 

480 T=T-T8 
490 A(I2-1)= T 
500 NEXT I 
510 PENUP 
520 FOR I=1 TQ N 

540 NEXT ' I_1> * D1 . A <2*I-1> 

5 pr?nt ■“ C S PY e PRINT ” ” 

570 GOSUB 930 PRINT " FFT CALI 


WAIT 
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580 PENUP 

590 PRJNT "FOURIER COEFFICIENTS" 
600 PRJNT " I FREQ REAL 

610 CLEAR 0 GCLEAR 
620 D1SP "ADDING BACK STEP" 

630 T4-N*D1 
640 F4-1/T4 
650 FOR 1-1 TO N/2 
*60 F»a~ll«F4 
670 12-2*1 


IMAGINARY" 


680 II—12—1 

690 IF 1-1 THEN 710 

700 COSUB 2490 

710 S<I)-SOfUA(ll)*A(Il)*Aa2)*A(I?>> 

720 • PRINT USING 306 I I,F,A(Il) 

730 1 PRINT USING 307 I A(I2> 

740 IMAGE 19X,ttO.DDDDE 
750 NEXT I 
760 S9-AMAX19) 

770 SCALE 0,F9,0,S9 

780 VAXIS F9 @ YAXIS O 

790 XAXIS S9.F9/10 @ XAXIS 0.F9/10 

800 PENUP 

BIO FOR 1-1 TO N/2 

820 F-(I-l)/tN»ni) 

830 PLOT F.Stll 
840 NEXT I 

B50 PRINT “ZERO S7ENGTH-"IA < 1) 

860 PRINT “FREQ FROM O TO “,F9," HZ* e PRINT "MAG FROM O TO "»S9 
B70 PRINT USING *4/” 

B80 GRAPH e COPY 
890 PRINT USING "4/" 

900 BEEP e GOSUB 2360 
910 STOP 

920 * START OF FFT SUBROUTINE 

930 NO—N e HO-M © Nl-N/4 @ Ml-M-2 6 TO-PI/4 e K7=N1 8 KS-N1/2 
940 SCKB)-SIN(TO) 

950 FOR L-2 TO MI 

960 TO—TO/2 

970 S2-K7 

900 K7—KB 

990 KB-KB/2 

lOOO S(KB)-SIN(TO) 

10IO C1-N1-KB 
1020 S(Cl)-COS(TO) 

1030 K9-N1-S2 

1040 IF K9—K7<0 THEN GOTO llOO 
1050 FOR J—K7 TO K9 STEP K7 
1060 C-Nl-J 
1070 D-J*K0 

1080 S(D)-S(J)*S(Cl)*S(K8)»S(C) 

1090 NEXT J 
llOO NEXT L 

11tO • ANALYSIS NEXT 

1120 K(I>—2*N 

1130 FOR L-2 TO M 

1140 K(L>—K(L—1)/2 

1150 NEXT L 

1160 FOR L-M TO 9 

1170 K1L-MJ-2 
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1100 NEXT t- 
1190 17=2 

«200 FOR Jl“2 TO K(10) STEP 2 
1210 FOR J2=J1 TO K(9) STEP K<10> 
1220 FOR J3=J2 TO K<8) STEP K<9) 
1230 FOR J4=J3 TO K<7) STEP K(8) 
1240 FOR JS=J4 TO KC6) STEP K<7> 
1250 FOR J6=J5 TO K<5) STEP K(6) 
1260 FOR J7=J6 TO K(4> STEP K(5) 
1270 FOR J8=J7 TO K(3) STEP K<4) 
1280 FOR J9=J8 TO K<2) STEP K(3) 
1270 FOR J0=J9 TO K(l) STEP K<2) 
1300 IF I7-J0>=0 THEN GOTO 1370 
1310 T=A(I7-1) 

1320 A(I7-l)=A(JO-l) 

1330 flUO-l)’T 
1340 T=A(I7) 

1350 A(17)=A(JO) 

1360 A(J0)=T 
1370 17=17+2 
1380 NEXT JO 
1370 NEXT J9 
1400 NEXT J8 
1410 NEXT J7 
1420 NEXT J6 
1430 NEXT J5 
1440 NEXT J4 
1450 NEXT J3 
1460 NEXT J2 
1470 NEXT J1 

1480 IF I8>0 THEN GOTO 1S40 

1490 F0=1/D1 

1500 FDR 1=1 TO N 

1510 A(2*I-1)=A(2*I-1)/F0 

1520 A(2*I)=—A(2*I)/F0 

1530 NEXT I 

1540 FDR 1=1 TO N STEP 2 
1550 T=A (2*1-1) 

1560 A(2*I—1)=T+A (2*1 + 1) 

1570 A(2*I+1)=T-A (2*1 + 1) 

1580 T=A(2*I) 

1570 A(2*I)=T+A (2*1+2) 

1600 A(2*1+2)=T-A (2*1+2) 

1610 NEXT I 
1620 U=2 
1630 L0=G 


1640 N2=2^M1 
1650 FOR L=2 TO M 

!?“ ^ 0R 1=2 TO K(l) STEP L.0 

1670 H=3-h_i 

1680 12=11+L1 

1670 I3=I2+L1 

1700 T=A(I—1) 

fi <I-l)=T+A(I2-l) 

fllK-ll^-Adz-i, 

1730 T=fi(i) 

1740 A(I)=t+A(I2) 

750 A(I2)»T-A(I2) 

1760 T=-ft(i3) 

1770 T1=A(I3-1) 
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1790 A<13-I)-A(II-1>-T 
1790 AU3)-AtIIl-Tl 
1000 ft(Il-ll'A(11 —IItT 
1010 A<11)-A<I1»+T1 
1020 NEXT I 

1030 IF L-2<-0 THEN GOTO 2100 
1040 K5=*K <1 )H_0 
1030 K6-N2 

1060 FDR J-4 TO LI STEP 2 
1070 N3-N1-K6 
1690 U1-S1N3) 

1090 U2-S1IC6) 

1900 I&-J+K3 

1910 FDR I-J TO 16 STEP LO 
1920 11-1+L1 
1930 12-1 1-rt.l 
1940 I3-I2+L1 

1950 T-A(I2-l)»Ul-AU2>*U2 

I960 T1-AII2-1)*U2+A(12)*U1 

1970 A< 12—1 >-A(I —11—T 

1900 A(12)-A(U-T1 

1990 A(I«1)*A(H1+T 

2000 AtI)”A<I)+Tl 

2010 T=»-A< 13-11 *U2-A(13>»Ui 

2020 Tl-AU3-l)*Ut-A(I3)*U2 

2030 A(13-1J=A(I1-1»-T 

2040 A<I3)”A(11)-T1 

2030 flUI-Dwmi-D+T 

2060 A(Il)*flUl>+Tl 

2070 NEXT 1 

2080 K6»K6*N2 

2090 NEXT J 

2100 L1»2*L1 

2110 LO*2*LO 

2120 N2«.5*N2 

2130 NEXT L 

2140 IF I9>0 THEN RETURN 
2130 FDR |-1 TO N 
2160 A (2*1) —A (2*1 > 

2170 NEXT 1 
21BO RETURN 

2190 • DATA CONVERSION 

2200 T—Y9*(E5(1)—ES(1)J 

2210 RETURN 

2220 H9-M9-1 

2230 IF N9<1 THEN N9-1 

2240 STOP 

2230 • NUMERICAL INPUT 
2260 ASSIGN# 1 TO D# 

2270 READ# 1 » N9,X9,Y9.E3<>,R* 

2200 ASSIGN# I TO * 

2290 PRINT * * 0 PRINT * • 

2300 PRINT -DATA FILE *-|D#|" READ* 

2310 PRINT * » 8 PRINT R* 0 PRINT “ * 

2320 E9-E3tN9> 

2330 PRINT *DC LEVEL REMOVED FOR FFT AND THEN ADDED BACK' 
2340 PRINT "STEP-.5*C1*TANH<T—T9J7“ 

2330 RETURN 
2360 CLEAR 

2370 DISP "IF FILE 'IF*!' DOES NOT EXIST, EXECUTE i* 
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-2380 DISP "CREATE ' FS; "' , 1,2304" @ DISP "" 

2390 DISP “HIT CCONT3 TO STORE MAG OF FFT" @ PAUSE 
2900 ASSIGN# 1 TO F* 

2410 PRINT# 1,1 J F4,N,SO,R* 

2420 ASSIGN# 1 TO * 

2430 CLEAR 

2440 DISP "DATA IN FILE ";F* 

2450 PRINT "" e PRINT "FFT DATA WRITTEN TO FILE '";FS;"’" 
2440 DISP "FINISHED" 

2470 PAUSE 
2480 RETURN 
2490 W=2*PI*F 
2500 T8=PI*W/(2*AO) 

2510 TB=EXP(T8) —EXP(—T8) 

2520 T8=PI*E9/(A0*TB) 

2530 A<I1)=A<I1)-T8*SIN(W*T9> 

2540 A(I2)=A(12) —T8*C0S (W*T9> 

2550 RETURN 
2540 END 


Listing 5 Program to read FFT file and plot. 


10 ! PROGRAM FPLOT 
20 3-16-84 J A LANDT 
30 DEG 

40 OPTION BASE 1 
50 DIM A(256) ,R$C1003 
40 PLOTTER IS 705 
70 PEN O 
80 CLEAR 
70 N=256 

i?n e D1SP "««XIMUM FREQ ON PLOTS=?" @ INPUT F9 

12n @ DISP "°ELTA FREQ FOR TICS=?" 9 INPUT F8 

>30 ASSIGN# TZ Z 1LE NflME=? ” @ INPUT F * 

150 1,1 5 F1 -N7,flO,R» 

>50 ASSIGN# 1 TO * 


REL MAG (dB)" 


140 A9=AMAX(A) 

>70 G0SUB 320 

2 Z H l " FRm (Hz) 

®° INT<F9/ F1)« 

II N9 <N then 230 
420 N9=N 

?30 FOR 1=2 TO N9 
240 F=(i- 1) , F1 

fbl * = ^* LG T(A(I)/A9> 

270 PLo/cI “ D - DDD DDE, 1X.D.DDDDDE" 

280 next p *- 00000 °°oi,x 

270 PENUP 

300 PEN O e move 0,0 


; f, x 
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310 STOP 

320 LOCATE 23,130,23,95 

330 PRINT *hAG REL TO “JA9 

340 PRINT “FREQ FROM O TO “JF9 

350 SCALE 0,F9/1000000000,-70,0 

360 GCLEAR e FXD 1,10 PEN 1 0 CSIZE 4 

370 LAXES -FB/IOOOOOOOOO,10,0,-70,1,1,2 

380 MOVE F9/2000000000,—77 

390 LORfl 6 

400 CSIZE 7,.B 

410 LABEL “Frequency <GHz)“ 

420 MOVE F9/2SOOOOOOOO,-03 
430 LORQ 6 e CSIZE 4,.B 
440 LABEL F*J" S “JR* 

450 CSIZE 7,.B 

460 MOVE —F9/6000000000,—33 

470 LORG 4 

480 LD1R 90 

490 LABEL 'Spectrum (dBl* 

300 FRAME e PEN O 
310 PENUP 
520 RETURN 
530 END 
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Fig. A-8. Data of Fig. A-7 obtained with a faster sweep rate. 


Equation A-7 closely approximates the actual curve in Fig. A-l 1. From it the center 
frequency is seen to be 342 MHz with an insertion loss of 19.8 dB, compared to the 
calibration data of (225 + 450)/2, or 337.5 MHz, and 20 dB. The factor of 2 can be 
heuristically explained because the output is the sum of two waves. When these waves 
cancel (at 685 MHz, 1270 MHz, etc.), the output is zero. When they add constructively 
(at 342 MHz, 1027 MHz, etc.), the output is double that of one of them. 
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Listing 6 Program to find and plot ratio of FFT’s (insertion loss). 

10 ' PROGRAM INSERT 
20 ’ 3-14-B4 J A LANDT 

30 * TO READ FILES FFT1 AND FFT2 AND PLOT RATIO 
40 DEG 

50 OPTION BASE 1 

60 DIM A(Z36>,9(256),R*ClOOl.SSC100J 
70 PLOTTER IS 1 
BO PEN O 
90 CLEAR 
lOO N-2S6 

110 CLEAR 0 DISP “MAXIMUM FREQ ON PLOTS-?" 0 INPUT F9 
120 CLEAR 0 DISP "DELTA FREQ FOR TICS-?" 0 INPUT F0 
130 CLEAR 0 DISP "FOR SIGNAL, FILE NAME- -7 ” 0 INPUT FS 
140 ASSIGNS i TO F* 

150 READ# 1,1 1 F4,N9,AO,R* 

160 ASSIGN# 1 TO * 

170 CLEAR e DISP “FOR REFERENCE, FILE NAME— -7 '" 0 INPUT FS 
1B0 ASSIGN# I TO F* 

190 READ# 1,1 1 F5,NB,B(),SS 
200 ASSIGN# 1 TO * 

210 FOR t«t TO N 0 A(I1«AU)/BUI 8 NEXT I 
220 IF FSOF4 THEN 640 
230 IF N90N8 THEN 640 
240 A9-AMAXCA) 

230 A9-1 
260 FI-F4 
270 GOSUB 430 

200 PRINT “FREO (Hz) REL MAG (dB>* 

290 PEN I 

300 N9=INT(F9/Fl>-*-l 
310 IF N9<N THEN 330 
320 N9-N 

330 FOR 1-2 TO N9 

340 F—(I—1)*FI 

350 X«20*LGT(A(!)/A9) 

360 • PRINT USING "D.OOODDE,1X.D.DDDDDE" 5 F,X 
370 PLOT F».000000001,X 
380 NEXT I 
390 PENUP 

400 PEN O 0 MOVE 0,0 
410 PRINT RSI" / "IS* 

420 STOP 

430 LOCATE 25,130,25,95 

440 PRINT "MAG REL TO “JA9 

450 PRINT "FREO FROM O TO *|F9 

460 SCALE 0,F9/1000000000,-50,0 

470 GCLEAR 0 FXD 1,1 0 PEN 1 0 CSIZE 4 

490 LAXES —F0/JOOOOOOOOO,10,0,—50,1,1,2 

490 MOVE F9/2000000000,-53 

500 LORD 6 

510 CSI2E 7,.B 

320 LABEL "Frequency (GHz)" 

330 MOVE F9/2500000000,—39 

340 LORO 6 0 CSIZE 4,.B 

330 LABEL RS 

360 CSIZE 7..B 

370 MOVE -F9/6000000000,-23 

390 LORO 4 

390 LOIR 90 

600 LABEL "Insertion <«JB»" 



Inser-t.iom CcJED 
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610 FRAME @ PEN O 
620 PENUP 
630 RETURN 
640 DISP "" 

650 DISP "1ST FILE N, DF =";N9;F4 
660 DISP "2ND FILE N, DF =";N8;F5 
670 DISP "TROUBLE—STOP" 

680 STOP 
690 END 


As a second example, a Mini-Circuits Model ZMDC-20-1 directional coupler was 
measured. The specifications of this coupler include a 20-dB insertion loss from 25 to 
400 MHz. The measured transient response is approximated by a decaying exponential 
as follows: 


V(f) = B exp(-af) U(t) (A-8) 

where B = 0.025 V and 1 la - 2.3*10~ 8 .v. In the frequency domain, the insertion loss 
is determined by the equation, 


/(w) = j~ (<o/a)/[l + j(oi/a)] 


(A-9) 





Insertion CdB> 
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This coupler is basically a high pass filter and the ratio 8/A accurately represents the 
insertion loss (19 7 dB) The lower frequency 3 dB point is about 6 9 MHz The upper 
frequency response is limited by nsetime The construction of this coupler is fundamentally 
different from that of the HP 764D 

The 7854 has a 10 bit resolution that corresponds to 1024 points, or about 102 points 
per division on the face of the CRT Several alternative methods can be used to acquire 
the data A low end range of equipment includes the 8 bit (256 points) Wavesaver Digital 
Waveform Recorder produced by EPIC Instruments, Inc , Foster City, California The 
Apple and Apple He personal computers can be used as digital memory oscilloscopes 
with the plug in Model 85 Scope produced by Northwest Instruments Systems, Inc , 
Beaverton Oregon A wide variety of commercial equipment can also be used 

An early Lawrence Livermore National Laboratory approach is shown in Fig A 12 
A TTil sampling sweep unit permits external control of sweep position by a D to A 
converter driven by a computer This system works quite well but contains many more 
subsystems and more elaborate software than the 7854 based system 

SINGLE-EVENT TRANSIENT RECORDING 

Commercial high speed oscilloscopes and transient digitizers can be used for recording 
single-event transients below (about) 1 GHz Above I GHz, commercially available 
equipment is usually not available Special high speed oscilloscopes have been constructed 
at Los Alamos National Laboratory and m France to extend the upper frequency limit 
about 5 GHz 
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Rg. A-12. Schematic of measurement facility: Impulse pulser sends narrow pulse either 
through a precision power divider to test target, as in TDR experiment, or directly to conical 
transmitting antenna, as in scattering experiment. In TDR mode, reflected signal returns to 
sampling scope via power divider; in scattering mode, signal received by test target returns 
directly to scope. From these, signal passes to data-processing equipment where it is av¬ 
eraged over repetitive pulses, Fourier-transformed to the frequency-domain, plotted, and 
stored on magnetic tape. 


RADAR 

Tte system shown in Fig. A-3 can be configured to operate as a time-delay radar. In this 
application, radiating and receiving antennas are located in close proximity. Resistively 
0J ded dipole antennas and crossed bowtie antennas are normally used. Care must be 
token so that the 5-V input-voltage limit of the samplers is not exceeded. For this 
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application it is often useful to slave two pulse generators of opposite polarity dnve a 
balanced antenna and provide a balanced receiving antenna Two samplers are required 
and the difference of their signals are displayed by the oscilloscope EG&G, Santa 
Barbara has developed a system based on this approach and they have also used a 
seismiclike display that facilitates data interpretation More complete descriptions of other 
base band radar systems can be found elsewhere m this book (Chaps 1,2,4,5 and 6) 
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